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The development of every multi-cellular organism from a single fertilized embryo is a 
spectacular process which requires tight spatial-temporal coordination of gene 
expression not only to enable growth, but at the same time to ensure proper body 
patterning, differentiation and morphogenesis that give rise to tissues, organs and 
anatomy within a functionally competent organism.  It has been known for decades 
that all the cells within an organism carry identical DNA information through 
perpetual rounds of DNA replication and cell division.  But the questions being: (i) 
how is cellular diversity generated?  and (ii) how does the intrinsic development 
program of the organism determine the cell types and the ultimate number of cells 
needed?  
The Drosophila central nervous system (CNS) offers an excellent model for 
experimental analysis of such developmental processes.  In the CNS, each neuroblast 
(NB) lineage is generated from a NB that undergoes multiple rounds of asymmetric 
cell division to produce two different cell types, namely the self-renewing NB, as well 
as the ganglion mother cell (GMC) which divides and differentiates into neurons 
and/or glial cells.  However, asymmetric cell division alone is insufficient to generate 
functionally diverse neuronal progeny.  In order to specify differential neuronal 
identity within a single lineage, the NB undergoes ordered transition of gene 
expression such that the neurons or glial cells born into each distinct temporally 
defined window will adopt a different fate.  Studies in the past have identified the 
major components of this temporal cascade, but there are still many questions yet to 
be answered due to the complexity of this system.  The work described in this thesis, 
uses the Drosophila postembryonic brain to gain some insight into these processes, 
with the major emphasis being placed on termination of the NB cell cycle at the end 
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of neurogenesis.  The results are presented in two chapters, followed by a general 
discussion. 
Chapter 3 deals with roles of Hedgehog (Hh) signalling in regulating the proliferation 
of Drosophila postembryonic NB.  I described how aberration of the Hh signalling 
pathway within the NB can alter the cell fate, and the proliferative capacity of the NB 
and its progeny.  In addition, I found that Hh ligand is expressed in a temporally 
regulated fashion by the NBs and the new born GMCs.  Further analysis using 
immuno-fluorescence, in situ hybridization and live imaging showed that Hh is a 
regulator of the temporal series as activation of this signalling pathway can down-
regulate the last known component of the temporal series, Grainyhead (Grh).  Down-
regulation of Grh in the central brain and thoracic neuroblasts is a natural process 
required for NB cell cycle exit in the early pupal stage.  In addition, Hh functions 
downstream of Castor (Cas), and its expression is directly regulated by the binding of 
Cas to its promoter sequences. 
Chapter 4 shows how the Hh signalling pathway impinges on the asymmetric division 
apparatus to control cell cycle exit in the NB.  Hh signalling pathway interacts 
genetically with protein phosphatase 4 (PP4), an essential component of the 
asymmetric division pathway.  Modulation of the Hh pathway can abrogate the 
asymmetric division defects seen in mutants for PP4.  Indeed, PP4 had been identified 
as the phosphatase for Smoothened, reinforcing the view that it can function to fine-
tune the strength of Hh signalling. 
Chapter 5 summarises these studies and discusses two different aspects of Hh 
signalling pathway in the development of postembryonic neuroblast: 1) its roles as a 
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regulator of the temporal series, and 2) its potential function as the link between the 
temporal series and the asymmetric division pathway. 
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Chapter 1:   Introduction 
1.1. Drosophila melanogaster as a model organism 
Drosophila melanogaster, more commonly known as the fruit fly, is a tiny insect 
which measures approximately 3mm in length.  It was made popular as an 
experimental organism by Thomas Hunt Morgan who began using it as a genetic 
model to establish the chromosome theory of heredity between 1909 and 1925, 
thereby laying the foundation of classical genetics (Allen, 1985).  From the basic 
methodology and understanding of fly genetics during Morgan’s time, research in 
Drosophila has grown from strength to strength in the following decades with the 
addition of wide arrays of genetic tools and molecular approaches.  Today, thousands 
of researchers use Drosophila as a model system for their studies, and their combined 
efforts have led to the elucidation of numerous developmental processes, such as 
apoptosis, cell division and differentiation, pattern formation, cytoskeletal 
organization, neurogenesis, axon guidance, muscle development etc (reviewed in 
Bertrand et al., 2002; Hay and Guo, 2006; Jan and Jan, 2010; Kohlmaier and Edgar, 
2008; Richardson et al., 2008; RiveraPomar and Jackle, 1996; Steller, 2008).   
Despite being an invertebrate model, research over the past decades, particularly in 
the genome project has shown that there is striking gene homology across different 
species due to evolutionary conservation.  Hence, Drosophila is an invaluable tool for 
uncovering cellular and molecular mechanisms which govern human body 
development, behavior and disease (Yamamoto, 2010).  Indeed, many key signalling 





factor beta (TGF-ß) were first discovered and characterized in flies, and important 
insights into their functions and interactions are still being elucidated today 
(Artavanis-Tsakonas and Muskavitch, 2010; Hidalgo and Ingham, 1990; Mohler, 
1988; Nusslein-Volhard and Wieschaus, 1980; Perrimon and Mahowald, 1987; 
Spencer et al., 1982). 
Experimentally, Drosophila offers the following advantages over other mammalian 
models:  
(i) Its small size and short generation time (~9-10 days at 25°C) make it ideal for 
conducting large scale mutagenesis screens and elegant genetic studies. 
(ii) It is cheap and easy to maintain in the laboratory. 
(iii) The fly genome has been sequenced and is well annotated.  Besides, there are 
comprehensive database and experimental data sets on gene and protein 
expression patterns, interactions and functions. 
(iv) A large number of transgenic and mutant lines are readily available through 
various stock centers and the Drosophila research community. 
(v) A wide spectrum of methods and reagents, ranging from gene targeted 
insertion/knock-out, RNA interference, clonal analysis, GAL4-UAS system 
etc, have been developed to simplify experimental design and to speed up 
research processes. 
1.2. Drosophila Life Cycle 
Drosophila has a short life cycle of approximately 10 days at 25°C.  Briefly, it 





after which it hatches to give rise to a larva that develops through three instars over 4 




Figure 1.1: The life cycle of Drosophila melanogaster.   
Drosophila has a generation time of approximately 10 days during which it develops from a 





1.2.1. Drosophila embryogenesis and post-embryonic development 
The embryogenesis of Drosophila is characterized by an elaborate series of events 
during which the embryo develops from a single cell to a multi-cellular tubular 
structure with a basic body plan, comprising specific domains that are destined for 
different developmental fates.  Embryogenesis can be subdivided into 17 distinct 
stages.  Each stage is characterized by specific morphological landmark events which 
serve as reference points for describing embryonic development (Campos-Ortega and 
Hartenstein, 1985) 
In short, the fertilized zygote undergoes 13 rapid synchronous nuclear divisions 
during stages 1-4 to form a simple monolayer of cells known as the syncytial 
blastoderm.  At stage 5, cellularization of the blastoderm occurs and this is followed 
by gastrulation at stage 6-7, during which the morphogenetic movements lead to the 
invagination of the mesoderm and endoderm, as well as formation of the cephalic 
furrow that separates the procephalon from the metameric germ band.  During stage 
8-11, the germ band on the ventral side, which represents the main trunk of the future 
embryo elongates posteriorly, wrapping around the posterior pole and continues to 
expand anteriorly along the dorsal surface.  Germ band elongation brings about 
significant changes to cell shape, size, and position, leading to the formation and 
segmentation of mesodermal, neural and epidermal components.  Concurrently, 
mitotic division leads to the growth of various internal organs, such as the gut and 
mesoderm primodium.  By stage 12, segmental boundaries and various elements of 
each segment are readily visible which become progressively clearer by stage 13.  





relationships of the larva.  The anterior and posterior midgut fuse at stage 12, 
followed by dorsal closure of the midgut by fusion of the dorsal epidermal primodium 
on either side of the embryo along the dorsal midline at stage 14.  Complex 
morphogenetic events that happen during stage 14-16 lead to head involution.  Stage 
17 marks the completion of embryogenesis and the segmented body of a fully 
developed embryo can be divided into an anterior atrium, three thoracic segments (t1-
t3), eight abdominal segments (a1-a8), and a telson at the posterior tip. 
Upon hatching, the larva undergoes approximately 108 hours of postembryonic 
development (at 25°C, standard culture condition).  The first instar larva (L1) stage 
lasts for 24 hours before the larva molts into a second instar larva (L2).  The L2 to 
third instar larva (L3) transition occurs at approximately 48-60 hours after hatching.  
The three larval instars can be distinguished by their spiracles, increasing number of 
“teeth” of the mouth hooks, and the form of the pharyngeal bars (Ashburner et al., 
2005).  Over the course of larval development, the larva burrows in the medium and 
feeds continuously, leading to rapid growth in body size and surface area.  With a 
behavioral change at mid-L3 stage (approximately 24 hours before pupation), it leaves 
the medium and starts to wander on the wall of the culture vial (Godoyherrera et al., 
1984). 
At the end of L3 stage, the body of the larva shortens and the larval skin hardens and 
darkens to form a puparium.  Metamorphosis occurs within the puparium and causes 
the development of imaginal discs into adult organs and appendages within a period 
of approximately 105 hours.  As the adult fly emerges after eclosion, it remains 
sexually immature for 8 hours before it is competent to mate and reproduce.  Given 






The work presented in this thesis focuses on neurogenesis that occurs in two separate 
phases during Drosophila development: (i) specification and delamination of 
neuroblasts (NBs) from the neuroectoderm, which then divide in a stem cell-like 
manner to generate primary neurons during stage 9-14 of embryogenesis, and (ii) 
reactivation of NBs at late L1/early L2 stage to produce secondary neurons during 
larval and early pupal stages (Campos-Ortega, 1994a; Ito and Hotta, 1992). 
1.3. Neurogenesis in Drosophila melanogaster 
In Drosophila, the cells within the central nervous system (CNS) are produced by 
proliferating progenitor cells known as the NBs.  In the embryo, the NBs arise from a 
specialized neurogenic region of the ectoderm which becomes structurally distinct 
during the start of germ band extension.  There are two regions of the neuroectoderm: 
the ventral neuroectoderm (VNE) where the ventral nerve cord and the 
suboesophageal ganglion are derived from; and the procephalic neuroectoderm (PNE) 
from which the brain hemispheres will develop (Hartenstein and Campos-Ortega, 
1984; Technau and Campos-Ortega, 1985).   
The VNE which comprises large cuboidal cells occupies the medial region of the 
ectodermal layer.  It is flanked by two lateral parts with smaller cylindrical cells 
(Hartenstein and Campos-Ortega, 1984).  The segregation of NBs from the VNE layer 
takes place in three steps: 1) All the cells within the VNE form contiguous groups of 
5-6 cells (known as proneural clusters) which are competent to develop as a NB;  2) 
One of the cells within each cluster is singled out to become a particular NB which 
delaminates and moves into the space between the ectoderm and mesoderm;  3) Upon 





cluster through a process known as lateral inhibition to prevent neurogenesis in those 
cells such that they will be committed to an epidermal fate (Campos-Ortega, 1994b; 
Camposortega, 1994). 
 
Figure 1.2: Neuroectoderm specification and NB formation.  
(A)  One cell is segregated from a proneural cluster to become a NB through lateral inhibition.  
The NB then enlarges and delaminates basally into the embryo. (B)  Schematic diagram 
depicting lateral inhibition involving Notch, Delta and the proneural genes.  The binding of 
Delta to Notch represses proneural genes and stabilizes the epidermalizing signal within the 
signal receiving cell (presumptive epidermal cell).  The feedback loop ensures continuous 
expression of proneural genes within the signal sending cell (presumptive NB).   Adapted 
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The decision to adopt an epidermal or neuronal fate is controlled by two groups of 
genes with opposing mechanism of action.  The epidermal decision of the VNE cells 
is mainly governed by the Enhancer of split gene complex [E(SPL)-C] which consists 
of seven partially redundant genes: HLM-mδ, HLH-mγ, HLH-mβ, HLH-m3, HLH-m5, 
HLH-m7, and E(spl) (Delaconcha et al., 1988; Knust et al., 1987a; Knust et al., 
1987b).  Other neurogenic genes that have been identified include Notch, Delta, man, 
neu, big brain, shaggy and groucho.  Loss of function in any of the neurogenic genes 
results in the transformation of most ectodermal cells into NBs, forming a highly 
hyperplastic CNS and causes eventual death of the mutant embryos (Campos-Ortega, 
1994b; Campos-Ortega and Haenlin, 1992).  In contrast, neural development requires 
the functions of the proneural genes which consist of achaete-scute complex (AS-C, 
comprising achaete, scute, lethal of scute and asense), ventral nervous system 
condensation defective (vnd), and daughterless.  Mutations of the proneural genes 
typically lead to supernumerary epidermoblasts at the expense of NBs (neural 
hypoplasia), in spite of the varying severity of the neurogenic phenotype (Ghysen and 
Dambly-Chaudiere, 1989; Jimenez and Campos-Ortega, 1990; White, 1980).  
Furthermore, these genes appear to regulate the fate of non-overlapping populations 
of NBs (Brand and Campos-Ortega, 1988). 
As far as lateral inhibition is concerned, studies have shown that at the initial stage, all 
the cells in the proneural clusters produce both neurogenic and proneural gene 
products.  However, the interaction between the neurogenic and proneural genes 
results in positive feedback and reinforcement of the neural pathway in a single cell 
with a higher concentration of proneural gene products than other cells within the 
same proneural cluster.  As a result, the increasing concentration of proneural proteins 





Delta then binds to and activates its receptor Notch on the adjacent cells to transduce 
its epidermalizing signal in the receiving cells.  As such, the prospective NB that has 
initiated neurogenesis will inhibit the surrounding cells from adopting a neural fate 
while reinforcing the neural decision within itself.  Similarly, the surrounding cells 
that have received the epidermalizing signal through Notch-Delta interaction will 
stabilize their epidermal decision by suppressing the proneural proteins.  Indeed, 
Notch and Delta associate directly at the membrane of neuroectodermal cells, 
signifying their roles in passing the regulatory signals between cells of the proneural 
clusters (Campos-Ortega, 1994b; Skeath and Carroll, 1994).  The selection of a NB 
from a proneural cluster is not random as a NB always arises from a specific position 
within the cluster, even though the initial levels of AS-C, Notch and Delta appeared to 
be uniform among all the cells (Cubas et al., 1991).  This suggests that expression of 
region specific factors, such as epidermal growth factor receptor (EGFR) and 
Wingless pathway could modulate AS-C or Notch pathway activity (Reviewed by 
Skeath and Thor, 2003). 
Due to the complexity and spatial organization of the cells within the PNE, the 
formation and spatiotemporal development of the NBs is not entirely understood.  
NBs are found to be derived from mitotic domains 9, B, 1, 5, and 2 of the procephalic 
ectoderm.  The mitotic domains are assigned numbers to indicate the temporal 
sequence of the clusters of cells which undergo locally synchronized mitosis during 
the 14th mitotic cycle during embryogenesis (Foe, 1989).  Unlike the VNE, there are 
several modes of NB formation from the PNE that are related to their mitotic domain 
of origin.  For example, domain B cells delaminate as NBs without undergoing 
division, while domain 9 cells usually divide perpendicularly to the ectodermal 





divide parallel to the ectodermal surface to produce two daughter cells, one of which 
will subsequently delaminate as a NB.  Similar to cells within the VNE, all the cells in 
the PNE are able to develop as NBs, but they are not subjected to epidermalizing 
signals and lateral inhibition which is prevalent in the VNE.  Consequently, NBs in 
certain domains of the PNE can originate from the neighbouring cells within the same 
proneural cluster (Urbach et al., 2003). 
1.4. Asymmetric division of the NB 
 
 
Figure 1.3: Asymmetric division of NBs.   
NBs undergo asymmetric cell divisions to produce a self-renewing neuroblast and a 
differentiating daughter cell (GMC).  The asymmetry of NB divisions is achieved 
through the establishment of a multi-protein complex at the apical cortex (including 
Inscuteable, Par6-Baz-DaPKC and Pins-Gαi signalling cassettes, in green), and the 
basal localization of neural cell fate determinants (for example, Pros, Brat and Numb, 











The generation of cellular diversity is essential for the development of the CNS 
during which a single NB generates a vast number of neuronal cell types with distinct 
functions (Pearson and Doe, 2004).  In general, there are two mechanisms deployed 
during development to generate cellular diversity – intrinsic and extrinsic mechanisms 
(Hawkins and Garriga, 1998).  Extrinsic mechanisms involve cell-cell communication, 
while intrinsic mechanisms ensure preferential segregation of cell fate determinants 
into one of the two daughter cells upon completion of cell division.  The latter is well 
exemplified during Drosophila neurogenesis (Chia et al., 2008; Doe, 2008; Knoblich, 
2008; Wu et al., 2008).  As soon as the embryonic NBs delaminate from the 
neuroectoderm, these neural progenitors undergo repeated self-renewing division in a 
stem cell-like fashion.  Unlike the neuroectodermal cells that divide in the plane of the 
neuroectoderm, NBs rotate their mitotic spindle by 90° to a plane perpendicular to the 
overlying neuroectoderm during division (Kaltschmidt et al., 2000).  Each division is 
asymmetric as the NB generates a larger daughter which retains its identity and a 
smaller daughter, the ganglion mother cell (GMC) that normally divides terminally to 
produce two post-mitotic ganglion cells (GCs) that will subsequently differentiate into 
two neurons and/or glia depending on lineage specificity (Doe and Goodman, 1985; 
Doe and Skeath, 1996).  At the end of embryogenesis, most NBs enter a period of 
mitotically inactive or quiescent stage and only to resume their mitotic activity during 
early larval stages.  These larval NBs, like their embryonic counterparts, undergo 
extensive repeated divisions to self-renew and at the same time produce post-mitotic 
neurons/glia so as to build a functional nervous system (Hartenstein et al., 1987; Ito 
and Hotta, 1992; Prokop and Technau, 1991; Truman and Bate, 1988). 
Although the same core mechanisms of asymmetric cell division are utilized in both 





result in different division behaviors.  For example, the embryonic NBs of the VNE 
divide repeatedly along the apical-basal axis due to the presence of an extrinsic signal 
from the underlying epithelial layer.  Extrinsic cues act to orient the division axis of 
the NBs such that the GMCs always bud off from the basal side (Kaltschmidt et al., 
2000; Siegrist and Doe, 2006).  Larval NBs, on the other hand, do not have a highly 
stereotypical orientation of division.  It is believed that the division axis of the larval 
NBs is controlled in a cell-autonomous manner independent of any extrinsic cues 
from the neighbouring cells.  Specifically, the polarity axis of the NBs is maintained 
by the “memory effect” from the last mitosis, which is transmitted via the apical 
centrosome and interphase aster (Januschke and Gonzalez, 2010a).  Another striking 
difference between embryonic and larval NBs is that the former have very limited 
self-renewing capacity and become progressively smaller with each division; while 
the latter grow back to their original size after each division, thus being capable of 
generating hundreds of neurons (Ito and Hotta, 1992; White and Kankel, 1978). 
Recent work has identified two types of NBs in the larval brain: the more prevalent 
type I NBs which undergo classical asymmetric division, and the dorso-posterior type 
II NBs which divide asymmetrically to self-renew and produce intermediate neural 
progenitors (INPs).  The INP then undergoes multiple rounds of asymmetric division 
to self-renew and generate GMCs that will typically produce two neurons.  The ability 
of INPs to generate more extensive lineages allows the type II lineage to produce 
more neurons than the type I lineage (Bello et al., 2008; Boone and Doe, 2008; 
Bowman et al., 2008).  Unlike type I lineage that has its developmental potential 
restricted to a single NB, type II lineage produces proliferating INPs which require 
additional layers of molecular mechanism to limit their developmental potential.  





of tumour suppressor genes that serve to regulate the progenitor cell potential during 
neurogenesis. (Betschinger et al., 2006; Bowman et al., 2008). 
1.4.1. Establishment of polarity in the NB 
The main objective of asymmetric cell division is to enable differential gene 
expression regulation in both daughter cells such that they can adopt distinct cell fates.  
For asymmetric cell division to take place, it is essential for the NBs to become 
polarized prior to division via asymmetric localization of protein complexes on the 
opposite poles of the NB cortex.  Apart from that, the orientation of the mitotic 
spindle must be positioned such that the plane of division is perpendicular to the polar 
distribution of cell fate determinants to ensure their differential inheritance into the 
daughter cells (Bilder, 2001; Broadus and Doe, 1997; Schober et al., 1999; Wodarz et 
al., 1999). 
The establishment of the apical-basal polarity in the NB depends on the formation and 
maintenance of a molecular complex at its apical cortex starting from late interphase.  
This apical complex consists of Inscuteable (Insc) and two signalling cassettes: (i) the 
evolutionarily conserved Partition defective (Par) protein cassette comprising 
Bazooka (Baz), Par6 and Drosophila atypical protein kinase C (DaPKC) (Kuchinke et 
al., 1998; Petronczki and Knoblich, 2001; Schober et al., 1999; Wodarz et al., 1999), 
and (ii) Partner of Insc (Pins), Locomotion defective (Loco), and a subunit of the 
heterotrimeric G protein complex Gαi (Parmentier et al., 2000; Schaefer et al., 2001; 






Figure 1.4: Summary of the key players in NB asymmetric division.   
Apical proteins (green) and basal proteins (red) are localized to opposite poles of the NB 
during mitosis.  The mitotic spindle is aligned such that the cleavage plane is orthogonal to 
the apical-basal polarity axis. Adapted from Chia et al., 2008. 
 
 
In the VNE, NBs inherit the Par proteins from the neuroectodermal epithelial cells 
and localize them to the apical stalk which is in transient contact with the 
neuroepithelium during NB delamination.  Hence the Par protein complex appears to 
be the first component to be assembled at the apical cortex of NBs prior to their 
delamination.  Insc is first expressed in delaminating NBs and is recruited to the 
apical cortex by Baz.  Insc in turn interacts with Pins to direct the basolateral to apical 
localization of Pins-Loco-Gαi complex (Ashraf and Ip, 2001; Cai et al., 2001; Egger 





the Par protein complex is essential for determining the localization of the basal 
components, whereas the Pins-Gαi cassette predominates in controlling the spindle 
orientation along the apical-basal axis of the NB (Izumi et al., 2004; Wang and Chia, 
2005).  Although these two signalling cassettes appear to serve distinct roles with 
respect to the asymmetric segregation of cell fate determinants, they function 
redundantly in processes that lead to cell size asymmetry between the larger apical 
NB and the smaller basal GMC.  This involves the displacement of the mitotic spindle 
towards the basal cortex, as well as the establishment of an asymmetric spindle during 
anaphase-telophase, where the apical half is longer than the basal half (Cai et al., 2003; 
Giansanti et al., 2001; Kaltschmidt et al., 2000). 
1.4.2. Segregation of cell fate determinants 
During NB division, cell fate determinants including Numb, Prospero (Pros) and 
Brain tumor (Brat) are asymmetrically localised to the basal side of the cortex through 
binding to two coiled-coil adaptor proteins, Partner of Numb (Pon, the adaptor for 
Numb) and Miranda (Mira, the adaptor for Pros and Brat), and are subsequently 
segregated into the small GMC daughter at the end of NB division (Bello et al., 2006; 
Betschinger et al., 2006; Hirata et al., 1995; Ikeshima-Kataoka et al., 1997; Knoblich 
et al., 1995; Lee et al., 2006c; Lu et al., 1998; Rhyu et al., 1994; Shen et al., 1997; 
Spana and Doe, 1995; Spana et al., 1995).  Other basally segregated components 
include pros mRNA which is bound by RNA binding protein, Staufen (Stau) (Li et al., 
1997).  As mentioned earlier, the basal localization and segregation of these cell fate 





1.4.2.1. Prospero (Pros) 
Pros is a homeodomain-containing transcription factor which acts as a binary switch 
between self-renewal and differentiation during neurogenesis (Choksi et al., 2006). 
After the completion of division, Pros enters the GMC nucleus upon the degradation 
of Mira, where it acts as a transcriptional activator for genes required for 
differentiation (such as dacapo, the fly homolog of the CDK inhibitor p21), and 
represses cell cycle genes such as cyclin A, cyclin E, string and E2f (Choksi et al., 
2006; Egger et al., 2007; Li and Vaessin, 2000).  Hence mis-expression of Pros in 
NBs leads to their loss via precocious differentiation (Bayraktar et al., 2010; 
Cabernard and Doe, 2009); while in the absence of Pros, GMCs fail to differentiate, 
express NB markers and exhibit increased proliferation, eventually leading to the 
formation of stem cell-derived tumors (Bello et al., 2006; Betschinger et al., 2006; 
Lee et al., 2006c). To safeguard against unregulated growth, exclusive segregation of 
Pros into GMCs is an imperative task for the NBs. In embryonic NBs, Pros and Mira 
are transiently localized onto the apical cortex during late interphase and early 
prophase prior to their basal localization (Fuerstenberg et al., 1998; Ikeshima-Kataoka 
et al., 1997; Matsuzaki et al., 1998; Shen et al., 1998). On the other hand, larval NBs 
exhibit cortical Mira, which becomes cytosolic for a brief period during prophase 
before being localized to the basal cortex during mitosis; whereas Pros is only visible 
during mitosis, forming a crescent that overlaps with that of Mira (own observation, 
and Sousa-Nunes and Somers, 2010). The localization of Pros and Mira is initiated by 
the DaPKC-mediated direct phosphorylation of Mira which results in the 
displacement of Mira from the apical cortex and subsequently, via an unidentified 
mechanism, localizes onto the basal cortex (Atwood and Prehoda, 2009). Recently, a 





as an essential mediator for the localization of Pros and Mira during interphase and 
mitosis. In the absence of PP4 activity, Pros and Mira are localized in the nucleus 
during interphase, and are cytoplasmic during mitosis. Consistent with a role of Pros 
in suppressing genes that are involved in NB self-renewal, PP4 mutant NBs exhibit 
reduced proliferation. (Sousa-Nunes et al., 2009) 
1.4.2.2. Numb 
Numb is the first protein that was shown to be asymmetrically distributed during NB 
mitosis in Drosophila.  It is a phosphotyrosine-binding domain (PTB) containing 
protein, which is required for the determination of cell fate during embryonic and 
adult sensory organ formation.  In both embryonic and larval NBs, Numb is 
homogenously distributed along the cell membrane during interphase and early 
prophase but forms a basal crescent which overlaps with Mira/Pros during late 
prophase and is eventually segregated into the GMC upon division (Knoblich et al., 
1995; Rhyu et al., 1994; Spana et al., 1995).  Despite being segregated exclusively 
into the daughter GMC, Numb seems to be dispensable for GMC fate specification in 
embryos and only plays a role later during development to distinguish sibling neuron 
fates when the GMC divides (Buescher et al., 1998; Skeath and Doe, 1998).  The only 
exception where Numb functions directly in the daughter cell is in the MP2 lineage: 
Numb forms a basal crescent in the MP2 precursor and segregates into the basal cell 
to antagonize Notch signalling in order to specify dMP2 neuron fate, while the other 
cell becomes a vMP2 neuron (Spana et al., 1995). 
Similarly, Numb also forms a basal crescent in all larval NBs and segregates into the 
GMCs upon division.  In type I lineages which encompass the majority of the NBs, 





to affect GMC differentiation and neuron production.  However, the consistency of 
the results is questionable as a recent report shows that type I NB clones for numb 
sometimes do contain ectopic NBs (Bowman et al., 2008; Wirtz-Peitz et al., 2008).  In 
contrast, mutation or loss of numb in type II lineage results in tumour formation due 
to the accumulation of ectopic type II NBs and undifferentiated INPs (Lee et al., 
2006a; Wang et al., 2006).  This shows that Numb is required to promote maturation 
of the INPs, and perhaps to prevent the de-differentiation of immature INPs by down-
regulating Notch signalling (Weng and Lee, 2010).  Indeed, it has been shown that 
ectopic expression of a constitutively active form of Notch in the NBs phenocopies 
numb loss-of-function (Wang et al., 2006).  The correct localisation of Numb in the 
NBs requires its adaptor protein, PON , as well as the actions of DaPKC and two cell 
cycle regulators, Aurora-A and Polo kinase (to be discussed in Section 1.4.3.3, Page 
22) (Lu et al., 1998; Wang et al., 2007; Wirtz-Peitz et al., 2008). 
1.4.2.3. Brat 
Brat, on the other hand, is an inhibitor of ribosome biogenesis and cell growth (Frank 
et al., 2002).  It belongs to a conserved tumor-suppresor protein family with a C-
terminal NHL domain, a coiled-coil region and an N-terminal Zinc binding B-box 
(Sonoda and Wharton, 2001).  Just like Pros, it binds to Mira, forms a basal crescent 
during late prophase, and segregates into the daughter GMC together with Mira 
during telophase (Bello et al., 2006; Betschinger et al., 2006; Lee et al., 2006c).  In the 
embryo, Brat is partially redundant with Pros in specifying GMC fate as zygotic 
mutants of either brat or pros alone show no obvious CNS defect, or have defects in 





brat and pros suffers from an almost complete loss of GMCs and a severe reduction 
of embryonic neurons. 
In the larval NBs, loss-of-function mutations in brat cause the formation of tumours 
consisting of ectopically proliferating cells that express NB markers (Arama et al., 
2000; Woodhouse et al., 1998).  Detailed examination of brat mutant clones showed 
that loss of Brat only results in NBs overgrowth in type II but not in type I lineages 
(Bowman et al., 2008).  brat and numb mutants share similarities as both of them 
cause ectopic production of type II NBs, possibly due to the inability of the immature 
INPs to undergo maturation and commit to INP fate (Weng and Lee, 2010).  Yet, Brat 
and Numb appear to regulate different steps in the maturation of INPs and function 
non-redundantly.  Firstly, the asymmetric localization and segregation of Numb is not 
affected in brat type II NBs.  Likewise, over-expression of Brat does not silence 
Notch reporter expression in the larval brain as Numb over-expression.  Secondly, 
over-expression of Numb is insufficient to suppress the NB overgrowth phenotype in 
a brat mutant background (Bowman et al., 2008).  Given the fact that ectopic 
expression of Numb could induce premature differentiation of type II NBs and 
immature INPs, it is conceivable that Numb is essential to restrict the developmental 
potential of the immature INPs, while Brat is likely to play a role in preventing the 
reversion of immature INPs to NB fate (Weng and Lee, 2010). 
The exact mechanistic detail by which Brat regulates INP fate remains elusive.  
Nevertheless, brat mutant clones exhibit up-regulation of dMyc and Cyclin E, and 
both proteins are known to be essential for cell cycle control and cell growth 
(Betschinger et al., 2006; Frank et al., 2002).  Interestingly, brat (as well as numb) 
mutant overgrowth phenotype only manifests itself in type II NBs which do not 





background is sufficient to rescue its tumour phenotype (Bello et al., 2006).  Together, 
these results suggest that Pros and Brat may act within a common molecular pathway.  
Due to the masking effect of Pros, brat tumour only arises in the absence of Pros. 
1.4.3. Roles of cell cycle regulators 
The aspects of asymmetric cell division are tightly linked to cell cycle progression 
since the localization and segregation of the asymmetric protein complexes correlate 
well with specific phases of the cell cycle.  Indeed, many studies have indicated that 
cell cycle proteins such as CDK1, Cyclin E, Aurora-A, and Polo kinase can impinge 
on the asymmetric division machinery (Chia et al., 2008). 
1.4.3.1. Cdc2/CDK1 
Cdc2 is the first identified cell cycle component which is involved in the asymmetric 
division of the GMCs, specifically the first GMC, GMC4-2a produced by NB4-2 in 
the embryo.  Normally, GMC4-2a divides asymmetrically to produce two distinct 
daughter neurons, RP2 and RP2sib.  However, in a cdc2 mutant background, GMC4-
2a produces two identical RP2 neurons.  Analysis using cdc2E51Q as well as a 
temperature sensitive allele of cdc2 showed that the apical protein complex fails to be 
maintained on the cortex in both GMCs (Insc), and the NBs (Insc and Baz).  
Consequently, basal components such as Pon and Mira are also mislocalized.  Cdc2 
forms a complex with Cyclin A, B, and B3 to provide the kinase activity (CDK1) 
necessary for G2- to M- phase transition.  Consistent with the view that high level of 
CDK1 activity is required for asymmetric cell division, double mutant for cyclin B 





1.4.3.2. Cyclin E 
Cyclin E is a cell cycle regulator that acts primarily to promote G1- to S- phase 
transition.  The roles of Cyclin E in regulating asymmetric cell division have been 
elucidated in the embryonic thoracic NB6-4 (NB6-4t) and its abdominal counterpart, 
NB6-4a (Berger et al., 2005).  NB6-4t localizes Pros asymmetrically such that Pros is 
only segregated into one of the daughter cells where it acts to maintain and enhance 
gcm expression, thereby specifying glioblast fate.  The other daughter cell which is 
devoid of Pros becomes a NB to generate neurons.  In contrast, NB6-4a internalizes 
Pros into the nucleus prior to division and generates two Pros positive daughter cells 
of glial fate.  The difference in the modes of division between NB6-4t and NB6-4a, as 
well the difference in the lineage generation capability of the two daughter cells of 
NB6-4t are attributed to the differential Cyclin E expression in these cells.  In NB6-4t, 
Cyclin E is expressed asymmetrically in the prospective NB daughter cell, but not in 
the prospective glioblast.  Similarly, NB6-4a which divides symmetrically to form 
two glial cells does not express Cyclin E due to the repression by AbdA and AbdB 
expressed in the abdominal neuromeres.  Hence, loss of Cyclin E function causes 
homeotic transformation of NB6-4t to NB6-4a, in which its division becomes 
symmetric to generate two daughter glia.  Conversely, ectopic expression of Cyclin E 
results in the reverse transformation (Berger et al., 2005). 
The role of Cyclin E in mediating NB6-4 asymmetric division and the daughter cell 
fate is linked to its functions in promoting cortical localization of Pros as well as 
inhibiting the action of nuclear Pros.  As Cyclin E expression is also negatively 
regulated by nuclear Pros, this double inhibitory feedback loop enables the cell to 
commit to NB or glial fate depending on the balance between Cyclin E and nuclear 





independent of its role as a cell cycle regulator.  Neither loss-of-function mutant nor 
over-expression of Decapo, a Cyclin E-Cdk complex inhibitor could cause cell fate 
transformation in the NB6-4a or NB6-4t lineage.  Similarly, the mutant for dE2F, 
which encodes a downstream effector of Cyclin E does not cause homeotic 
transformation of NB6-4t to NB6-4a (Berger et al., 2005). 
1.4.3.3. Aurora-A and Polo kinase 
Aurora-A and Polo are two evolutionarily conserved kinases that regulate a multitude 
of mitotic processes (Barr et al., 2004; Meraldi et al., 2004).  In the context of cell 
cycle regulations, Aurora-A has a role in centrosome maturation and spindle 
formation while Polo is required for spindle checkpoint, centrosome maturation and 
cytokinesis (Carmena et al., 1998; Crane et al., 2004; Glover et al., 1995; Llamazares 
et al., 1991).  Attenuating the functions of Aurora-A and Polo disrupt the asymmetric 
localization of Numb and DaPKC, as well as the spindle orientation in the dividing 
NBs and sensory organ precursor (SOP) cells (Berdnik and Knoblich, 2002; Lee et al., 
2006a; Wang et al., 2006).  Owing to the symmetric segregation of Numb in these 
mutants, the GMCs have reduced Numb activity, and are thus unable to suppress 
Notch and thereby causing stem-cell derived tumour formation (Wang et al., 2006).  
The overgrowth phenotype is probably aggravated by the delocalization of DaPKC to 
the basal side which is known to phosphorylate and inactivate endogenous Numb 
(Smith et al., 2007). 
In spite of the similar mutant phenotype for aurora-A, and polo, they have different 
phosphorylation targets and act via different pathways during asymmetric cell 
division.  Polo phosphorylates the adaptor of Numb, Pon at Ser-611 residue, and this 





the NBs.  In NBs expressing the non-phosphorylated form of Pon, PonS611A, Numb 
becomes uniformly distributed on the cortex during mitosis.  Interestingly, while 
introduction of the phospho-mimetic form of Pon, PonS611D, can rescue the Numb 
localization defect in polo mutant NBs, it is not sufficient to rescue DaPKC 
localization and spindle orientation defects, as well as the overgrowth phenotype 
(Wang et al., 2007).  This implies that Polo is likely to impose additional controls on 
the asymmetric division machinery via other pathways. 
Unlike Polo, which phosphorylates Pon, Aurora-A exerts its effect on Numb 
localization primarily through the apical Par protein complex that comprises Baz, 
Par6 and DaPKC.  It is known that basal protein localization necessitates the actions 
of the apical signalling complex, and a cytoskeletal protein, lethal giant larvae (Lgl) 
provides the molecular link between apical protein localization and basal protein 
targeting (Ohshiro et al., 2000; Peng et al., 2000).  Lgl is known to be a substrate for 
DaPKC (Betschinger et al., 2003; Plant et al., 2003; Yamanaka et al., 2003), but the 
mechanistic details by which phosphorylated Lgl on one side of the cortex could lead 
to basal protein localization remains somewhat controversial (Atwood and Prehoda, 
2009; Knoblich, 2010; Lee et al., 2006b).  Recent work has shown that Lgl, Par6 and 
DaPKC form a complex during interphase.  During mitosis, Aurora-A phosphorylates 
Par6, relieving its inhibition of DaPKC, which in turn phosphorylates Lgl at Ser-34 
(Wirtz-Peitz et al., 2008).  Phosphorylated Lgl is released from the complex and is 
thus disassembled from the Lgl/Par6/DaPKC complex.  This permits the entry of Baz 
in exchange for Lgl to form the Baz/Par/DaPKC complex (Yamanaka et al., 2003).  
The newly formed complex confers the specificity of DaPKC towards Numb, leading 
to its phosphorylation and concentration on the opposite pole (Smith et al., 2007; 





and Numb becomes symmetrically localized (Lee et al., 2006a; Wang et al., 2006).  
Despite having reduced DaPKC activity, aurora-A mutant NBs mis-segregate DaPKC 
into the differentiating daughter cells, where its residual activity is sufficient to 
phosphorylate Numb during interphase.  On top of that, the differentiating daughter 
cells inherit less Numb due to the titration effect of Numb symmetrical segregation 
during mitosis.  Ultimately, the amount of unphosphorylated Numb falls below its 
functional threshold in the basal differentiating daughter cells, leading to their 
aberrant transformation into NBs.  
1.4.4. Protein phosphatases 
Given the prevalence of mitotic kinases, such as Cdc2, Aurora-A and Polo in 
regulating NB asymmetric division and cell fate determination, it is conceivable that 
dephosphorylation events mediated by protein phosphatases will be equally important 
in orchestrating NB asymmetry.  Indeed in recent years, two phosphatases, namely 
Protein Phosphatase 2A (PP2A) and Protein Phosphatase 4 (PP4) have been identified 
as important regulators of NB self-renewal (reviewed in Sousa-Nunes and Somers, 
2010). 
PP2A was first discovered as a negative regulator of DaPKC signalling (Chabu and 
Doe, 2009; Wang et al., 2009).  More interestingly, it antagonizes the action of 
Aurora-A by promoting Par-6 dephosphorylation on Ser-34 (Ogawa et al., 2009).  In 
PP2A mutant, even though there is an enhancement of DaPKC-dependent Numb 
phosphorylation at Ser-52 residue, the overall level of phosphorylated Numb is 
reduced.  This is strikingly similar to polo mutant phenotype in the NBs, prompting 





expression is down-regulated in PP2A mutants (Wang et al., 2009).  In the embryos, 
PP2A appears to play a slightly different role in regulating NB polarity.  PP2A binds 
physically to Baz but not to DaPKC and Par-6, to dephosphorylate Baz at Ser-1085, 
thereby antagonizing the kinase activity of Par-1.  Consistent with the phenotype seen 
in the hyperphosphorylated form of Baz at Ser-1085, mutant PP2A NBs exhibit a total 
reversal of apical-basal polarity in which the GMCs bud off from the apical side due 
to positional exchange of apical and basal complexes (Krahn et al., 2009). 
As described in the previous section, PP4 is required for proper basal localization of 
Mira and its cargo proteins, especially Pros.  Disruption of either the regulatory 
subunit, Falafel (Flfl) or the catalytic subunit of PP4 results in mislocalization of Mira 
from the cortex to the cytoplasm.  Biochemical and genetic data have shown that 
DaPKC phosphorylates Mira on the apical cortex of the NBs, thereby displacing it 
into the cytoplasm.  As Mira and Flfl interact directly in yeast two-hybrid and co-
immunoprecipitation assays, it is tempting to speculate that PP4-mediated 
dephosphorylation of Mira is necessary for its cortical association at the basal side 
(Sousa-Nunes et al., 2009; Sousa-Nunes and Somers, 2010). 
 
1.4.5. Spindle orientation 
In order to bring about biased segregation of cell fate determinants into the GMC 
daughters, the mitotic spindle must be oriented along the apical-basal axis of the NB.  
The crux of this spindle alignment lies with the interaction between Pins/Gαi cassette 





and Kinesin heavy chain 73 (Khc-73), as well as the cortical protein Disc large (Dlg).  
Pins is anchored to the apical cortex through interaction with Insc/Par complex.  It 
contains multiple TPR repeats and three Gαi binding GoLoco motifs which exist in an 
autoinhibitory state.  Binding of Gαi to GoLoco 1 and GoLoco 2/3 allows Pins 
cortical association and alleviation of its inhibitory state (Nipper et al., 2007).  The 
“opened” form of Pins then recruits the dynein binding protein Mud via its N-terminal 
TPR repeats, thereby establishing a tight connection between the apical cortex and the 
astral microtubules emanating from the apical centrosome (Bowman et al., 2006; 
Izumi et al., 2006; Siller et al., 2006).  Consistently, mutations in mud result in 
uncoupling of mitotic spindle with the spindle pole in the larval NBs, causing 
erroneous segregation of cell fate determinants and tumour formation. 
A second link between apical cortex polarity and mitotic spindle orientation is 
provided by Dlg/Khc-73. Khc-73 is a plus-end directed motor protein that is able to 
bind to the GK domain of Dlg via its own MAGUK binding site (Siegrist and Doe, 
2005).  This interaction relieves the intramolecular inhibition of Dlg to expose its SH3 
domain, which in turn associates with Pins.  Studies have revealed that the interaction 
between Pins and Dlg/Khc-73 goes beyond mitotic spindle orientation as this 
microtubule-dependent pathway can serve to localize Pins/Gαi in the metaphase NBs 
in the absence of Insc.  In summary, Mud and Dlg/Khc-73 represent two separate 
pathways that act synergistically, probably in different spatiotemporal contexts to 





1.4.6. Cell size asymmetry 
Another hallmark of asymmetric division of NB in Drosophila is the generation of 
daughter cells of unequal size.  Two factors that contribute to cell size asymmetry are: 
(i) displacement of the mitotic spindle towards the basal cortex with the apical 
centrosome nucleating numerous elongated astral microtubules, while the basal 
centrosome lies close to the cortex and is almost devoid of astral microtubules; and (ii) 
establishment of an asymmetric spindle during anaphase-telophase, in which the 
apical half is longer than the basal half (Bonaccorsi et al., 2000; Fuse et al., 2003; 
Kaltschmidt et al., 2000; Yu et al., 2006). 
There are two redundant pathways that regulate spindle position and cell size 
asymmetry in the NBs – one that is provided by the Insc/Baz/Par6/DaPKC protein 
complex, while the other relies on Pins/Gαi/Loco proteins (Cai et al., 2003; Izumi et 
al., 2004).  Mutations in a single component in either complex give subtle phenotypes 
with regard to NB size asymmetry.  However, double mutants for components of both 
complexes, such as baz/pins double mutant, show symmetrical daughter cell size with 
high penetrance.  The ability of Pins/Gαi complex to control NB size asymmetry is 
thought to be mediated by the non-canonical role of Gαi in transducing hetrotrimeric 
G-protein signalling (reviewed by Wodarz, 2005; Yu et al., 2006).  In this model, Gαi 
shuffles between the active GTP-bound and inactive GDP-bound states.  Pins and 
Loco act as the guanine nucleotide dissociation inhibitors (GDIs) to dissociate GDP-
Gαi from Gβγ dimers (Schaefer et al., 2001; Yu et al., 2005).  The conversion of 
GDP-Gαi to GTP-Gαi takes place in the presence of Ric-8, which acts as a guanine 
nucleotide exchange factor (GEF) (Tall and Gilman, 2005).  Hydrolysis of GTP-Gαi 





returns Gαi to its original Gβγ associated form (Yu et al., 2005).  Interestingly, 
mutations in Gβ13F and Gγ1 results in the formation of a large symmetrical spindle, a 
phenotype which is similar to Gαi overexpression (Fuse et al., 2003; Izumi et al., 2004; 
Schaefer et al., 2001; Yu et al., 2003).  Conversely, over-expression of Gβ13F and 
Gγ1, or cortically localized Gβ13F results in the formation of a small symmetrical 
spindle (Fuse et al., 2003).  While it is appealing to hypothesize that Gβ13F functions 
to suppress the length of the mitotic spindle at the basal side which is devoid of the 
antagonistic action of Gαi, this speculation is marred by the observation that Gαi and 
Pins are uniformly localized to the cortex of Gβ13F mutant NBs (Yu et al., 2003).  In 
addition, the symmetrically large daughter phenotype of Gβ13F mutant NBs is not 
seen in Gβ13F/ric-8 double mutant NBs which delocalizes Gαi into the cytoplasm 
(Wang et al., 2005).  Therefore, it is likely that Gαi is the regulator of cell size 
asymmetry apart from the Par complex in the NBs. 
1.5. Temporal regulation of the NBs 
Repeated segregation of the same sets of cell fate determinants during NB asymmetric 
divisions is insufficient to explain how extensive cellular diversity can be generated 
from the NB lineages. There is increasing evidence showing that in addition to 
asymmetric segregation of cell fate determinants, the generation of diverse progeny 
from a single NB is also regulated by another NB intrinsic mechanism such that each 
NB will undergo a specific number of divisions in a defined temporal and spatial 
manner to generate a lineage with distinct neuronal or glial fates (Maurange and 
Gould, 2005; Pearson and Doe, 2004). It is well-documented that during embryonic 





by sequential expression of a series of transcription factors in the NBs: Hunchback 
(Hb)  Kruppel (Kr)  POU homeodomain protein (Pdm)  Castor (Cas)  
Grainyhead (Grh), although some NB lineages only express a subset of this series.  
The expression of these temporal transcription factors in the NB during the birth of 
the GMC is preserved in the GMC and subsequent neuronal progeny produced by the 
GMC.  The successive expression of the transcription factors leads to the generation 
of multi-layer sublineages of progeny/neurons in which their spatial position 
correlates with their birth order (Brody and Odenwald, 2000; Isshiki et al., 2001; 
Kambadur et al., 1998). 
It is important to note that transition of temporal factors in the NBs specifies the 
temporal identity (or birth order) instead of the cell type identity of the progeny 
(Pearson and Doe, 2004).  GMCs that express Hb, Kr, Pdm or Cas can potentially 
produce interneurons, motor neurons, as well as glia in some of the NB lineages.  In 
contrast, the temporal identity of the progeny that is associated with its distinct cell 
fate is strictly controlled by these temporal transcription factors.  For instance, the loss 
of Hb and Kr in NB7-1 and NB7-3 in the embryonic CNS leads to loss or 
transformation of first born and second born GMCs (and their progeny) respectively.  
Predictably, forced expression of Hb and Kr in these two lineages results in ectopic 
production of neurons of the first born and second born cell fate, respectively (Isshiki 
et al., 2001).  Work from Chris Doe’s group has elegantly demonstrated that there is a 
competence window during which the NB is able to respond to each temporal 
transcription factor, at least for Hb and Kr (Cleary and Doe, 2006; Pearson and Doe, 
2003).  In short, the competence of the NBs to generate early born cell fates is 





respond to Hb is restricted to NBs and GMCs as ectopic expression of Hb in the post-
mitotic neurons does not alter their temporal identities. 
The linearity and robustness of the temporal series cascade involve an intricate 
network of regulation encompassing a multitude of other players, such as Seven-up 
(Svp) (Kanai et al., 2005).  Although Svp is only expressed transiently in the 
embryonic NBs, mutants for svp fail to down-regulate Hb and cause an over-
production of Hb-positive cells, whereas precocious expression of Svp in NB7-1 and 
NB7-3 results in loss of first born cell fate.  The notion that Svp is required for Hb  
Kr transition is further supported by the analysis of hb, svp, and kr single, double and 
triple mutant embryos.  In addition, Hb  Kr transition also requires cytokinesis as 
NBs that are blocked in G2 phase, or cytokinesis fail to down-regulate Hb. This 
observation leads to the postulation that Hb  Kr transition requires a feedback 
signalling from the new-born GMC to the NB, or there exists an hb transcriptional 
activator which is partitioned into the GMC during asymmetric division of NB.  
(Grosskortenhaus et al., 2005; Isshiki et al., 2001).  On the other hand, the subsequent 
temporal transcription factor transitions involving Kr  Pdm  Cas do not require 
cytokinesis or cell cycle progression (Grosskortenhaus et al., 2005).  In hb/string 
double mutant embryos, NBs progress through Kr  Pdm  Cas expression 
windows with the timing that is indistinguishable from their wild type counterpart, 
despite being arrested in G2 phase throughout.  This result points to the existence of 
an intrinsic, cell cycle independent timing mechanism which remains elusive to date 
(reviewed by Egger et al., 2008). 
Recently, it was shown that the temporal series continues during the larval stage with 
the redeployment of embryonic temporal regulators Cas and Svp to achieve two major 





C- early-born neurons to smaller Chinmo-Br-C+ late-born neurons at L2 stage, and (ii) 
termination of NB proliferation (cell cycle exit) at the pupal stage, which is 
concomitant with cytoplasmic localization of Mira and a burst of nuclear Pros during 
early mitosis (Maurange et al., 2008). Furthermore, an early burst of Pros is sufficient 
to trigger cell cycle exit in Type I NBs and cessation of neurogenesis at the larval 
stage. Therefore, nuclear Pros may act as the physiological means for promoting NB 
cell cycle exit and consequently neurogenesis termination (Maurange et al., 2008). 
However, Cas is transiently expressed during early larval development (Maurange et 
al., 2008). It is unclear how the early transient expression of Cas acts to trigger a burst 
of nuclear Pros in the late pupal stage to promote cell cycle exit. It is also unclear how 
the temporal mechanism is coupled with the asymmetric division mechanism to 
generate a functional nervous system. 
 
 
Figure 1.5: Temporal series progression in the Type I NB.   
A series of transiently expressed transcription factors (Hb, Kr, Pdm, Cas, and Svp) in the NB 
control the mitotic activity and cell cycle exit of the NB through activation and inhibition of 
targets such as Dicheate (D), Grainyhead (Grh), and Pros.  Besides, transition of some 
members of the temporal series is required for neuronal identity specification (such as 






1.5.1. The roles of Grh 
Grh is the final transcription factor in the temporal series expressed in the embryonic 
NBs and its expression persists through quiescence and is maintained throughout the 
larval stages (Bray et al., 1989; Prokop et al., 1998).  Interestingly, loss-of-function 
mutants for Grh cause distinctive defects in the postembryonic NBs in a position-
dependent manner (Almeida and Bray, 2005; Cenci and Gould, 2005).  In the thoracic 
segments, NBs proliferation is perturbed in grh mutants and thus fewer neurons are 
produced.  Conversely, in such mutants, abdominal NBs proliferate for a longer 
period of time and fail to undergo Abdominal-A dependent apoptosis.  As in the 
thoracic NBs, Grh appears to play a pro-proliferative role to maintain the mitotic 
activity of the central brain NBs.  Down-regulation of Grh in the central brain NBs at 
the end of larval development coincides with cell cycle exit or terminal division of the 
NBs in the central brain and thoracic segment, as well as apoptosis in the abdominal 
NBs (Maurange et al., 2008). 
It is known that Grh expression is activated by the embryonic pulse of Cas (Brody and 
Odenwald, 2000).  Surprisingly, termination of Grh expression also requires the 
action of Cas as all cas24 NBs that continue to proliferate into adulthood retain Grh, 
suggesting that the second pulse of Cas is required for the later progression of the 
temporal series.  In addition, the termination of postembryonic Grh expression also 
requires input from the late temporal series such as Svp given that svpe22 NBs retain 





1.6. Hedgehog signalling 
The conserved Hedgehog (Hh) pathway is repeatedly deployed throughout animal 
development to mediate diverse functions such as cell fate specification, growth, 
patterning and morphogenesis (Ingham and McMahon, 2001). The core machinery of 
the Hh signalling pathway is evolutionarily conserved from flies to humans, although 
there is clear divergence with regard to its mechanistic details (Cohen, 2010). In 
general, Hh ligands are synthesized as precursor molecules which undergo 
autocatalytic cleavage to yield an N terminal fragment with a cholesterol moiety 
tethered to its C-terminal end before its secretion from the producing cells. Release of 
the cholesterol-modified form of Hh from the signal sending cells requires the activity 
of Dispatched (Disp), a multiple-span transmembrane protein (Burke et al., 1999).  
The receptor for Hh is a twelve-pass transmembrane protein, Patched (Ptc), which is 
structurally similar to Disp and in the absence of Hh, inhibits the activity of a second 
downstream effector molecule, Smoothened (Smo). Smo is a seven-pass 
transmembrane protein that bears resemblance to the mammalian G-protein coupled 
receptor (GPCR) (Cheng et al., 2010; Ogden et al., 2008).  Smo signals to a cytosolic 
multiprotein complex composed of Costal-2 (Cos2), Fused (Fu), and Suppressor of 
fused (Su(fu)).  The ultimate effector of the Hh signalling pathway is the transcription 
factor Cubitus interruptus (Ci) which can act as a full length transcriptional activator, 
Ci-155 or a proteolytically cleaved transcriptional repressor, Ci-75 (Aza-Blanc et al., 
1997; Chen et al., 1999).  In the absence of Hh, Cos2 acts as a scaffold to mediate 
interaction between Ci and a complex consisting of cAMP-dependent protein kinase 
(PKA), glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1) (Lum et al., 
2003b; Zhang et al., 2005).  As a result, Ci is hyperphosphorylated by the 





ubiquitin E3 ligase Slimb, eventually leading to the processing of Ci-155 to the 
repressor form, Ci-75 (Chen et al., 1998; Jiang and Struhl, 1998; Price and Kalderon, 
2002).  The binding of Hh to Ptc alleviates its repression on Smo, resulting in the 
stabilization and phosphorylation of Smo C-terminal tail (Jia et al., 2004; Zhang et al., 
2004).  Cos2 is destabilized and dissociates from PKA, CKI and GSK3 (Zhang et al., 
2005).  This causes accumulation of Ci-155 which translocates into the nucleus to 
activate Hh target genes (Hooper and Scott, 2005; Ingham and McMahon, 2001; 






Figure 1.6: Hh signalling pathway in Drosophila.   
In a Hh sending cell, the active Hh ligand is generated with an autocleavage of the 
protein, resulting in a C-terminal cholesteroylation, followed by an N-terminal 
palmitoylation which requires the action of Skinhead (Skn).  Secretion of cholesterol 
modified Hh requires Disp, and its movement towards the receiving cells is facilitated 
by heparan sulphate proteoglycan (HSPG).  Binding of Hh to Ptc receptor causes 
phosphorylation and stabilization of Smo at the membrane via the actions of PKA and 
CKI.  Activated Smo recruits Fu and Cos2, leading to dissociation of full length Ci 
(Ci-155) from Cos2-Fu complex and leaving Ci in an unphosphorylated and 
unprocessed form.  This form (Ci-155) is active and will translocate into the nucleus 
to stimulate transcription of Hh target genes.  In addition, Ci-155 is released from the 
Su(fu) due to the inhibition of the later by Hh signalling.  In the cells located away 
from Hh signalling, Ptc inhibits Smo.  As a result, Ci-155 forms a complex with Fu 
and Cos2.  This enables its phosphorylation by PKA, GSK3 and CKI.  
Hyperphosphorylated form of Ci is recognized by Slimb that targets it for proteolysis 
via ubiquitin/proteasomal pathway to generate a truncated repressor form, Ci-75 
which inhibits transcription of Hh target genes.  Excess Ci-155 in the cytoplasm is 
sequestered by Su(fu) to protect the cell against aberrant activation of Hh target genes. 





1.6.1. Hh interacting partners 
Hh acts as a morphogen (substance that defines different cell fates in a concentration 
dependent manner) to mediate diverse tissue-patterning events during Drosophila 
development.  To enable precise modulated responses to Hh signal across a large 
receptive field where differential degree of Hh activation is required, multiple cell 
surface proteins have been implicated to regulate the transport, binding, and hence 
signal transduction of the Hh signal. 
1.6.1.1. Glypicans 
Among all the cell surface modulators of Hh signalling, glypicans which belong to the 
heparan sulphate proteoglycan (HSPG) family receive ample attention due to their 
critical roles in regulating many other signalling pathways, such as Wingless (Wnt),  
transforming growth factor-β (TGF-β), and fibroblast growth factor (FGF) pathways 
(Lin, 2004).  Indeed, the requirement of HSPGs has been demonstrated in the genetic 
analysis of mutants affecting the biogenesis of heparan sulphate glycosaminoglycan 
(HS GAG) chain, including tout-velu (ttv), brother of tout-velu (botv), sister of tout-
velu (sotv), and sulfateless (sfl) (Bellaiche et al., 1998; Bornemann et al., 2004; Han et 
al., 2004a; Takei et al., 2004).  In these mutant clones, Hh signalling is disrupted and 
more importantly, Hh ligand is unable to move across these HSPG deficient cells in 
the mutant clones.  Similar results have been observed in mutant clones for the 
glypicans themselves, dally and dally-like (dlp) (Han et al., 2004b). 
Apart from acting as a HSPG to promote Hh movement, Dlp has another role which is 





the target cells and is likely to act as a classical Hh co-receptor by facilitating Hh-Ptc 
interaction (Yan and Lin, 2009).  The evidence for this conclusion comes from three 
observations: (1) Hh signalling is disrupted in dlp knockdown embryos, and the 
expression of Dlp devoid of heparan sulphate chain could rescue dlp embryos in a cell 
autonomous manner (Desbordes and Sanson, 2003; Yan et al., 2010); (2) while 
ectopic expression of Hh could suppress the cuticle defects associated with HS GAG 
mutants such as sgl, sfl, frc, and slalom, it fails to do so in dlp knockdown embryos 
(Desbordes and Sanson, 2003; Luders et al., 2003; Perrimon and Hacker, 2004; Selva 
et al., 2001);  (3) furthermore, over-expression of Dlp enhances Hh signalling 
magnitude but reduces long-range signalling, consistent with the notion that Dlp 
strengthens the interaction between Hh and Ptc, thereby reducing the availability of 
Hh ligand for long-distance diffusion (Yan et al., 2010). 
These cell surface glypicans are regulated by a process known as shedding, in which 
their glycosylphosphatidyl-inositol (GPI) chain that anchors them to the plasma 
membrane is cleaved, thereby releasing them into the extracellular matrix (Bernfield 
et al., 1999; Kramer and Yost, 2003; Lin, 2004).  It has recently been reported that a 
member of secreted α/β hydrolase family, Notum cleaves the GPI anchor of Dally and 
as a consequence, promotes Hh long-range spreading (Ayers et al., 2010). 
1.6.1.2. Ihog and Boi 
In addition to glypicans, another class of proteins that serves as a Hh pathway 
activator is the immunoglobulin/fibronectin type III (FNIII) superfamily represented 
by Ihog and its close relative, Brother of Ihog (Boi) in Drosophila, as well as the 
mammalian homologs Boc and Cdo (Lum et al., 2003a; Tenzen et al., 2006; Yao et al., 





FNIII domain (McLellan et al., 2006; Yao et al., 2006).  In addition, they interact 
physically with Ptc via their Fn2 domain, and this interaction is required for the 
presentation of Ptc on the cell surface (Zheng et al., 2010).  Ihog and Boi are 
functionally redundant as embryos lacking either both maternal and zygotic ihog or 
boi alone exhibit a mild cuticle phenotype.  However, removal of both maternal and 
zygotic complement of ihog and boi results in a fully penetrant cuticle phenotype with 
a continuous lawn of poorly patterned denticles, resembling that of hh null alleles 
(Zheng et al., 2010).  The same observation has been made in the wing disc, where 
RNAi mediated knockdown of ihog or boi alone did not reduce Hh target genes 
expression while RNAi of both ihog and boi drastically abolishes the expression of 
these target genes (Zheng et al., 2010).  Ihog was originally thought to be a co-
receptor for Hh due to its ability to form a high affinity multimolecular complex with 
Ptc and Hh (Beachy et al., 2010).  However, recent study indicates that over-
expression of Ihog leads to the accumulation of Hh, but at the same time reduces the 
signalling strength (Yan et al., 2010).  This implies that Ihog functions to retain Hh on 
the cell surface to be presented to the Ptc receptor when its level is low; but at high 
concentration, it competes with Ptc for binding to Hh.  As such, Ihog deviates from its 
role as a co-receptor that increases the binding of the ligand to the signalling receptor 
(in this case, the binding to Hh to Ptc). 
1.6.2. Hh signalling during neurogenesis. 
Hh signalling is important during Drosophila nervous system development. During 
embryonic neurogenesis, Hh signalling is implicated in the specification of a subset of 





Hh pathway also functions to reactivate NBs from their quiescent stage during first 
and second larval stages (Park et al., 2003).  Reactivation of NBs involves their 
rounding-up and enlargement, as well as G1 to S phase transition.  Many factors have 
been identified to play a role in this process, including (1) insulin/IGF-like peptides 
which are secreted by glia in response to nutritional cues (Chell and Brand, 2010), (2) 
Anachronism (Ana), a glial secreted glycoprotein which maintains NBs in the 
quiescence stage (Caldwell and Datta, 1998; Datta, 1995; Ebens et al., 1993), and (3) 
Trol, a perlecan that interacts genetically with Ana and probably functions to 
inactivate Ana-mediated repression of Nb reactivation (Park et al., 2003; Voigt et al., 
2002).  Another factor that has been implicated in NBs reactivation is the steroid 
hormone ecdysone (Datta, 1999).  However, the expression of the ecdysone receptor 
is only detectable in the NBs during mid L2 stage when most of the NBs have been 
reactivated (Truman and Bate, 1988).  Hence, ecdysone may be involved at a later 
stage to maintain the proliferation of reactivated NBs, or acts on a subset of NBs 
which are reactivated late. 
So, how does Hh modulate the reactivation of larval NBs?   The first clue came from 
the functional analysis of Trol, which is also a member of HSPG family like the 
glypicans (Park et al., 2003; Voigt et al., 2002).  Consistent with the function of Trol 
to interact with growth factor ligands to facilitate signalling, removal of a copy of hh 
aggravates the NB proliferation defect seen in trol mutant.  Moreover, analysis of a 
temperature sensitive allele of hh shows that Hh signalling is required during L1 stage 







In this study, I investigated the function of Hh signalling during the development of 
Drosophila postembryonic brain. I showed that hh expression is temporally-regulated 
in the larval brain and Hh signalling promotes NB cell cycle exit in early pupae by 
mediating nuclear localization of Pros. Earlier (excess) activation of Hh signalling 
results in defective Pros localization which consequently leads to under-proliferation 
and premature cell cycle exit, whereas loss of Hh signalling causes delayed NB cell 
cycle exit and excess proliferation. Hh expression in the late larval brain depends on 
an earlier pulse of expression of a component of the NB temporal series, Cas. Hh 
signalling in NBs in turn shuts down the expression of Grh, the terminal component 
of the NB temporal series required for the mitotic activity of larval NBs. Hence the 
timely exit of NBs from the cell cycle depends on the intricate interplay between Hh 
signalling, components of the NB temporal series (cas, grh) as well as Pros, a 





Meterials and Methods 
Chapter 2:  Materials and Methods 
2.1. Molecular biology 
2.1.1. Recombinant DNA methods 
General recombinant DNA methods were performed as described (Sambrook and 
Russell) with modifications.  Polymerase Chain Reaction (PCR) was done with 
Expand High Fidelity PCR System (Roche), or Pfx DNA polymerase (Invitrogen) for 
cloning.  Taq DNA polymerase (Roche) was used for validating the incorporation of 
recombinant DNA.  All restriction enzymes were purchased from New England 
Biolabs (NEB). Restriction enzyme digestions were performed using appropriate 
buffers supplied by the manufacturers.  Dephosphorylation of DNA fragments was 
done using calf intestinal phosphatase (CIP, NEB).  T4 DNA ligase (Promega) was 
used for ligation of DNA fragments.  Constructs for chromatin immunoprecipitation 
(ChIP) were made using Invitrogen Gateway Cloning System.  Double stranded DNA 
sequencing was performed with automatic PCR-based Big-Dye sequencing method 
(in-house service provided by TLL). 
2.1.2. Cloning strategies 
Two cloning strategies were employed, one which involved restriction digestion and 
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to amplify cDNAs or genomic DNA had the appropriate restriction site or directional 
TOPO recognition sequence on the 5’ end of the primer.  PCR was performed 
according to the manufacturer’s instructions on a thermocycler (Perkin Elmer).  The 
DNA bands obtained were isolated on standard agarose gels.  The product was then 
recovered from the gel using QIAquick gel extraction kit according to the 
manufacturers protocol (Qiagen).  Where necessary, the PCR product and vector were 
separately digested with required enzymes and purified using QIAquick PCR 
purification kit (Qiagen).  At the same time, the vector was cut with the same enzymes 
and treated with Calf intestinal phosphatase (CIP), and recovered after CIP treatment 
using the Qiaquick gel extraction kit.  Ligation of the insert with vector was set along 
with ligase buffer and T4 DNA ligase (Promega).  For Gateway TOPO cloning, the 
PCR product was added to pENTR D-TOPO vector in a reaction mix according to the 
manufacturer’s protocol, and subsequently switched into pAWF vector (Drosophila 
Gateway Vector collection) using the pre-existing protocol (T. Murphy).  
Transformation of the ligation mixture, TOPO reaction mixture or LR clonase 
reaction mix was done using heat shock transformation method. 
List of constructs used in this study: 
Constructs Source 
pAW (pAct5C) T. Murphy 
pAWF (pAct5C-3xFlag) T. Murphy 
pGL3 Promega 
pAct5C-Cas This study (luciferase assay) 
pAct5C-Cas-3xFlag Manuscript in preparation (ChIP) 
pGL3-hh-L195_R5199 This study (luciferase assay) 
pGL3-hh-L4920_R9963 This study (luciferase assay) 
pGL3-hh-L9132_R14097 This study (luciferase assay) 
pGL3-hh-L13052_R18040 This study (luciferase assay) 
pGL3-hh-L17229_R22208 This study (luciferase assay) 
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2.1.3. Strains and growth conditions 
The E. coli strains DH5α (GIBCO BRL) and XL1-Blue (Agilent) were used 
throughout this study for all cloning procedures.  E. coli cells were either cultured in 
standard Luria Bertani (LB) medium with shaking or maintained on LB agar plates 
(LB containing 1.5% bacto-agar) at 37°C.  When recombinant plasmid-containing 
cells were cultured, the media was supplemented with 100µg/ml Ampicillin or 
Carbenicillin, or 50µg/ml Kanamycin, depending on the antibiotics resistance gene 
present on the vector backbone. 
2.1.4. Heat shock transformation of E. coli 
The competent cells were thawed on ice, and 10-20 µl of the ligation, TOPO or 
clonase mix was added and kept on ice for 15 minutes.  The cells were heat shocked 
at 42°C for 1 minute in a water bath without shaking.  After heat shock, the cells were 
chilled immediately on ice for 1 minute and recovered in 500 µl LB medium without 
antibiotics at 37°C for 1 hour, with horizontal shaking.  They were then briefly spun 
and resuspended in 100 µl LB.  The cells were spread on LB agar plates containing 
the appropriate antibiotics and incubated at 37°C. 
2.1.5. Plasmid DNA preparation 
Plasmid containing E. coli was shaken vigorously in 3 ml LB culture supplemented 
with the appropriate antibiotic for 8-12 hours at 37°C.  The cells were then collected 
in 1.5 ml Eppendorf tubes and spun at maximum speed (14,000 rpm) in a micro-
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Miniprep kit (Qiagen) according to the manufacturer’s instructions.  For large scale 
plasmid DNA preparation, maxiprep of bacterial culture (500 ml) was performed 
using Plasmid Maxi Kit (Qiagen). 
2.1.6. Genomic DNA Preparation 
2.1.6.1. Large scale preparation 
Approximately 50 flies were snap-frozen in liquid nitrogen and homogenized in 0.5 
ml HB buffer (100 mM Tris pH7.5, 10 mM EDTA, 350 mM NaCl, 2% SDS, 7M 
Urea).  The genomic DNA was extracted twice with phenol-chloroform with mix ratio 
of 1:1 by volume.  The mixture was spun at maximum speed (14,000 rpm) for 5 
minutes and 2 volumes of ethanol was added.  To collect the DNA pellet, the tube was 
spun at 9000 rpm for 5 minutes.  The pellet was resuspended in 250 µl water.  To 
remove DNA associated protein, 25 µl of 5M NaCl, and 600 µl ethanol were added to 
the suspension.  The DNA was spun down at 9000 rpm for 5 minutes, washed with 70% 
ethanol, and re-spun for another 3 minutes.  The pellet was air-dried and resuspended 
in 100 µl water or TE buffer (10 mM Tris/HCl pH7.5 or pH8.0, 1 mM EDTA, 
autoclaved). 
2.1.6.2. Preparation from single fly 
One fly of the desired genotype was squashed in 10 µl squishing buffer (10 mM Tris 
pH8.0, 25 mM NaCl, 1 mM EDTA, and 200 µg/ml proteinase K) for 5-10 seconds 
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minutes, followed by 85°C for 10 minutes.  Following that, it was spun for 2 minutes 
at maximum speed in a micro-centrifuge and the supernatant was used for PCR. 
2.1.7. RNA probe preparation 
All RNA work was carried out using DEPC-treated water.  Templates for the probes 
were amplified from genomic DNA of yw flies using a primer-pair with the reverse 
primer carrying an additional T7 promoter sequence at the 5’ end.  The amplicons 
were excised and purified from the agarose gel using the QIAquick gel extraction kit 
(Qiagen).  An in-vitro transcription reaction was set up using Roche DIG RNA 
labeling kit (SP6/T7) according to the manufacturer’s protocol.  Briefly, 40 µl of 
reaction mix comprising of 1 µg of template, 4 µl of NTP labeling mix, 4 µl of 
transcription buffer (10x), 20 unit of RNase inhibitor, 4 µl of RNA polymerase and 
water, was incubated for 4-6 hours at 37°C, following which 2 µl of RNase-free 
DNase I was added and incubated for another 30 minutes at 37°C.  The reaction was 
terminated by adding 2 µl of EDTA (0.2M).  The RNA was precipitated by adding 2.5 
µl of 4M LiCl, and 70 µl of prechilled 100% ethanol, followed by mixing and 
incubation at -70°C overnight.  The RNA was spun down at 4°C at maximum speed 
and the pellet was washed with 500 µl prechilled 80% ethanol.  The pellet was air 




Meterials and Methods 
2.1.8. List of primers used 
All primer sequences listed are written in a 5’  3’ fashion.  Restriction enzyme sites 
are underlined. 
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2.2. Immunohistochemistry and imaging 




130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, 
pH7.5 
PBT 0.1% Triton X-100 in PBS 
3.7% formaldehyde Prepared fresh from 37% formaldehyde or from 16% 
methanol-free formaldehyde, diluted in PBT. 
TO-PRO-3 iodide 
(Molecular Probes) 
DNA dye used at 1:5000 in PBT 
2.2.2. Antibodies 
The antibodies used were: mouse anti-Mira (F. Matsuzaki), 1/50; rabbit anti-Mira (Y. 
Cai), 1/1000; chicken anti-GFP (Abcam), 1/2000; guinea-pig anti-Deadpan (J. Skeath), 
1/500; mouse anti-Pros (DSHB), 1/10; rat anti-Elav (DSHB), 1/5; rat anti-Hh (I. 
Guerrero), 1/20; rabbit anti-Grh (B. Bello), 1/200; rabbit anti-Pon (Y.N. Jan), 1/500; 
rabbit and mouse anti-Phosphohistone H3 (Abcam); rabbit anti-DaPKCζ C20 (Santa 
Cruz Biotechnologies), 1/1000; rabbit anti-Pins (Y. Cai), 1/1000; rabbit anti-Insc, 
1/1000; guinea-pig anti-Numb (J. Skeath), 1/1000; mouse anti-BrdU (Sigma), 1/50; 
rabbit anti-β-gal (MP Biomedicals), 1/2000, rabbit anti-Ase (Y.N. Jan), 1/1000, and 
mouse anti-Br-C (DSHB), 1/10. 
Secondary antibodies were conjugated to either Alexa Fluor 488, Alexa Fluor 555, or 
Alexa Fluor 633 (Molecular Probes), and used at 1/500, 1/1000 and 1/250 
respectively.  DNA stain was To-PRO-3 (Molecular Probes), 1/5000 and samples 
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2.2.3.  Drosophila strains 
All fly stocks and crosses were maintained at 25°C. Stocks used were FRT40A, 
FRT42D, FRT82B, elav-GAL4, UAS-CD8::GFP, hhP30, ptcH84, ptcS2, ptc13 ,ptc16, 
ptc14, ptc47 (P. Ingham) , smoIA3, ci94 ( K. Basler), UAS-ciNc5m5m (D. Kalderon), cas24 
and svpe22 (A. Gould), ptc-LacZ (J. Hooper), dlpA187 (X. Lin) ptcRNAi, PP4-19CRNAi, 
ciRNAi , fuRNAi (VDRC); pros17, flflN42, flfl795, G147 (own collection), mtsDN, mtsXE2258, 
UAS-histone2AvRFP (M. Gonzalez-Gaitan), UAS-histone::RFP (J. Bellaiche), UAS-
pon::GFP (B. Lu), and Ay-GAL4. All stocks were obtained from the Bloomington 
Stock Center unless otherwise stated. 
2.2.4. Clonal analysis 
Embryos were collected over a period of six hours, heat-shocked in 37°C water bath 
at 24h and 48h ALH for all experiments unless otherwise specified, and larvae and 
pupae of desired genotype (see below) were dissected at specific time points and 
processed for immunochemistry analysis. Under laboratory culture conditions, 
Drosophila larvae underwent approximately 108 hours of postembryonic 
development. After hatching from the embryo, the 1st-instar larva (L1) stage lasted 
for 24 hours before molting into 2nd-instar larva (L2). The L2 to 3rd-instar larva (L3) 
transition occurred at approximately 48-60 hours after hatching, and finally L3 larva 
pupate at 96-108 hours after hatching. MARCM clones were generated according to 




Meterials and Methods 
The genotypes for the lines used for clonal generation were as follows: 
Wildtype MARCM clone: elav-GAL4, hsFLP, UAS-CD8::GFP/+; FRT40A/FRT40A 
tubP-GAL80 
ptcS2 MARCM clone: elav-GAL4, hsFLP, UAS-CD8::GFP/+; FRT42D 
ptcS2/FRT42D tubP-GAL80 
(Note: all ptc allelic clones were generated in the same manner as ptcS2 clone) 
smoIA3 MARCM clone: elav-GAL4, hsFLP, UAS-CD8::GFP /+; FRT40A 
smoIA3/FRT40A tubP-GAL80 
cas24 MARCM clone: elav-GAL4, hsFLP/+; UAS-nLacZ, UAS-CD8::GFP/+; 
FRT82B cas24/FRT82B tubP-GAL80 
dlpA189 MARCM clones: elav-GAL4, hsFLP/+; UAS-nLacZ, UAS-CD8::GFP/+; 
FRT2A dlpA189/FRT2A tubP-GAL80 
flfl795 MARCM clone: elav-GAL4, hsFLP/+; UAS-nLacZ, UAS-CD8::GFP/+; 
FRT82B flfl795/FRT82B tubP-GAL80 
mtsXE2258 MARCM clone: elav-GAL4, hsFLP, UAS-CD8::GFP /+; FRT40A 
mtsXE2258/FRT40A tubP-GAL80 
svpe22 MARCM clone: elav-GAL4, hsFLP/+; UAS-nLacZ, UAS-CD8::GFP/+; 
FRT82B svpe22/FRT82B tubP-GAL80 
ptcRNAi; cas24 MARCM clone: elav-GAL4, hsFLP/+; UAS-nLacZ, UAS-CD8::GFP/ 
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PP4-19CRNAi; cas24 MARCM clone: elav-GAL4, hsFLP/+; UAS-nLacZ, UAS-
CD8::GFP/ P{GD13525}v28795; FRT82B cas24/FRT82B tubP-GAL80 
ciRNAi; flfl795 MARCM clone: elav-GAL4, hsFLP/+; UAS-nLacZ, UAS-CD8::GFP/ 
P{KK100760}v105620; FRT82B flfl795/FRT82B tubP-GAL80 
ptcS2; pros17/+ MARCM clone: elav-GAL4, hsFLP, UAS-CD8::GFP/+; FRT42D 
ptcS2/FRT42D tubP-GAL80; pros17/+ 
ptcS2, smo3/+ MARCM clone: elav-GAL4, hsFLP, UAS-CD8::GFP/+; FRT42D ptcS2, 
smo3/FRT42D tubP-GAL80 
ptcS2, mtsDN/+ MARCM clone: elav-GAL4, hsFLP, UAS-CD8::GFP/+; FRT42D 
ptcS2/FRT42D tubP-GAL80; mtsDN/+ 
mtsXE2258, smoΔ661-818 MARCM clone: elav-GAL4, hsFLP, UAS-CD8::GFP /+; 
FRT40A mtsXE2258/FRT40A tubP-GAL80; UAS-smoΔ661-818/+ 
ciNc5m5m flip-out clone: hsFLP, UAS- GFP/+; Ay-GAL4/+; UAS-ciNc5m5m/+ 
fuRNAi flip-out clone: hsFLP, UAS- GFP/+; Ay-GAL4/+; UAS-fuRNAi/+ 
smoΔ661-818 flip-out clone: hsFLP, UAS- GFP/+; Ay-GAL4/+; UAS-smoΔ661-818/+ 
ci94 clone: y w hsp70-flp; FRT42 P[ci+] hsp70-GFP/FRT42; hh-lacZ/+; ci94/ci94 
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2.2.5. Fixing and staining for Drosophila larval brains 
Brains were fixed for 15 min in 3.7% formaldehyde in PBT.  The brains were washed 
3-4 times in PBT, 10-15 minutes per wash.  They were then blocked in 5% NGS in 
PBT (supplemented with 0.02% sodium azide) for 1 hour, and incubated in primary 
antibody of the appropriate dilution factor overnight at 4°C.  Following which, the 
brains were washed several times in PBT and incubated with the secondary antibody 
for 2 hours at room temperature, gently rocked on the rotator.  The brains were stained 
with To-Pro3 (1:5000) in the last change of PBT for 10 min if necessary.  They were 
then washed several times in PBT and mounted in Vectashield (Vector Laboratories). 
Images were obtained using Zeiss LSM 510 upright microscope and processed in 
Adobe Photoshop CS3 and Adobe Illustrator CS3. 
2.2.6. Live imaging 
Brains were dissected from larvae at 48h, 72h and 96h ALH, and were prepared for 
live imaging using the clot method as describe previously (Januschke and Gonzalez, 
2010b; Rebollo et al., 2007).  Image acquisition was performed at 25°C on Leica SP5 
inverted microscope. Multiple z-sections were recorded with step-size of 2-4 µm.  
Each z-stacks was recorded every 5 min over a period of 6-8 hours in order to capture 
at least one complete cell cycle (only the first cell cycle will be considered for 
calculation of cell cycle length). Images obtained were processed using Adobe 
Photoshop CS3 and ImageJ.  The genotypes of the larvae used were as follow: 
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ptcS2 MARCM clones: elav-GAL4, hsFLP, UAS-CD8::GFP/+; FRT42D 
ptcS2/FRT42D tubP-GAL80; UAS-histone2AvRFP/+ 
smoIA3 MARCM clones: elav-GAL4, hsFLP, UAS-CD8::GFP /+; FRT40A 
smoIA3/FRT40A tubP-GAL80; UAS-histone2AvRFP/+ 
2.2.7. BrdU incorporation 
Larvae at the age of 72-78 hours ALH were picked up from the fly food and starved 
for 1 hour on a clean Petri dish, covered with moist paper.  They were then fed with 
yeast paste infused with 1 mg/ml BrdU (Roche) for 15 minutes (pulse).  They were 
rinsed thoroughly with water and allowed to feed on normal yeast paste for another 1 
hour and 30 minutes (chase) before being dissected and analyzed. 
2.2.8. TUNEL assay 
TUNEL assay was performed according to the manufacturer’s protocol for In Situ 
Cell Death Detection Kit, TMR red (Roche).  The fixed, permeabilized, and 
antibodies labelled brain samples were washed thoroughly with PBS before being 
incubated in the TUNEL reaction mixture for 60 minutes at 37°C in dark.  The 
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2.2.9. In situ hybridization 
Larval brains of specific genotypes were rinsed thoroughly with PBS and dissected at 
specific ages. They were fixed for 20 min in 3.7% formaldehyde in PBS 
supplemented with 0.1% Tween-20 (PBTween). In situ hybridization was performed 
as previously described (Li et al., 2008; Liu et al., 2010).  Briefly, the brains were 
washed three times in PBTween for 10 minutes each time, followed by 10 minutes 
wash in PBTween/hybridization solution (1:1), and finally for another 10 minutes in 
hybridization solution.  They were then pre-hybridized in hybridization solution at 
65°C for 2 hours.  In the meantime, the digoxygenin labelled probe was denatured at 
100°C for 30 minutes and upon completion, cooled on ice immediately for 10 minutes.  
To allow hybridization to take place, the brains were incubated in 1µg/ml of 
digoxygenin labelled probe (diluted in hybridization solution) at 65°C for 20 hours.  
After hybridization, the brains were washed sequentially with hybridization solution, 
PBTween/hybridization solution (1:1), and PBTween at 65°C for 20 minutes with 
each wash.  Next, they were washed 2-3 times in PBTween at room temperature for 
20 minutes with gentle rocking.  The detection of probe was performed by incubating 
the brain in HRP-conjugated anti-DIG IgG (anti-DIG POD from Roche) at 1:200 
dilution in PBTween at room temperature overnight.  Subsequently, the brains were 
rinsed and washed thoroughly in PBTween for 3 times, 10 minutes each.  They were 
then subjected to tyramide staining (TSA reagent from Perkin Elmer, 1:50) for 1 hour 
in the dark.  Finally the brain samples were washed in PBTween for another 3 times, 
10 minutes for each wash before being mounted, or channeled to primary and 
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The recipe for the hybridization solution is as follow: 50% formamide, 5x SSC, 0.1% 
Tween-20, 50 µg/ml heparin solution, 100 µg/ml salmon sperm DNA in DEPC 
treated water. 
2.3. Transfection of S2 cells 
2 x 106 S2 cells were seeded onto a 75ml culture flask at 25°C a day prior to 
transfection. 2.5 µg of Flag epitope tagged Cas construct was transfected into these 
cells using Qiagen Effectene transfection reagent. DNA to effectene ratio was 
maintained at 1:20. 24 hours post-transfected cells were used for chromatin 
immunoprecipitation. 
2.4. Chromatin immunoprecipitation (ChIP) 
ChIP was performed according to the manufacturer’s protocol for EZ-Magna ChIP G 
(Milipore). 
2.4.1. Quantitative PCR 
qPCR was performed using KAPA SYBR FAST qPCR kit (KAPA Biosystems) 
according to the standard protocol on 7900HT Fast Real-Time PCR System (Applied 
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Chapter 3: The roles of Hh signalling in the postembryonic larval 
brain 
3.1. Hedgehog signalling regulates the proliferation of the postembryonic NB 
One common theme during animal development is the maintenance of critical balance 
between the proliferating stem cell and the differentiated daughter populations.  
Deregulation and dysfunction of stem cell proliferation often lead to pathological 
conditions such as tumour formation and tissue degeneration in human, as well as in 
other multicellular organisms (Clarke and Fuller, 2006; Demir et al., 2009; Kohlmaier 
and Edgar, 2008; Lobo et al., 2007; Yamashita, 2009).  In many contexts, the decision 
of the stem cells (or their progeny) to undergo self-renewal or differentiation is 
influenced by the signals coming from the microenvironment, constituting a niche.  
The stem cells in Drosophila are no exception.  For instance, Decapentaplegic (Dpp, 
or TGF-β) signalling pathway has been implicated in the maintenance of female 
germline stem cells (GSCs) within the adult germarium (Chen and McKearin, 2003); 
so are Notch, Wingless (Wnt) and Hh signalling pathways in the regulation of 
intestinal stem cells (Hou, 2010; Takashima et al., 2008), in addition to the JAK-
STAT (Janus kinase – signal transducer and activator of transcription) pathway which 
is also important for male GSC maintenance (Sheng et al., 2009; Singh et al., 2006).  
So far, such a stem cell niche has not been discovered for postembryonic NBs, but 
their proliferative control and asymmetric cell division are nonetheless controlled by 
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(autonomous) signals emanating from the NB itself are sufficient to specify and 
maintain its stem cell fate. 
I screened for potential signalling pathways required for the division of NBs within 
the central brain, I used mosaic analysis of a repressible marker (MARCM) to 
generate mutant NB clones for genes which encode major components of various 
signalling pathways.  I initially found that disruption in two components of the Hh 
signalling pathway, Ptc and Smo caused proliferative defects in the central brain NBs.  
I made use of a ptc loss-of-function allele, ptcS2, which fails to repress Smo function 
and results in constitutive Hh signal activation, even in the absence of the Hh ligand 
(Chen and Struhl, 1996), to produce clones that simulate hh gain-of-function phenotype.  
Conversely, a mutant allele of smo, smoIA3 , which has a C90S substitution mutation in 
the Cys rich domain of the extracellular N-terminal domain and fails to transduce 
downstream signalling (Nakano et al., 2004), was used to generate clones with 
compromised Hh signalling.  For the sake of simplicity, the initial analysis was 
focused on the Type I NB lineage that is relatively smaller (compared to Type II and 
mushroom body NB lineages), and comprised of three cell types only – NB, GMCs, 
and neurons. 
At 96 hours after larval hatching (ALH), a typical wild-type (wt) Type I NB clone 
induced at 24 hours ALH contained 40.1 ± 11.7 cells (n=19). However, ptcS2 clones 
were smaller than the wt counterpart and contained 26.9 ± 9.8 cells (n=29, p=0.0001), 
whereas smoIA3 produced noticeably larger clones with 50.4 ± 20.5 cells (n=24, 
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ptcS2 and smoIA3 mutants was a consequence of alteration in NB proliferative capacity 
linked to defects in asymmetric cell division; I used Mira as a molecular marker.  
Mira unequivocally localizes asymmetrically on the basal membrane of all the Type I 
NBs during mitosis, hence its presence and localization can serve as a readout for NB 
proliferation.  In wt NB, Mira was asymmetrically localized to form a robust cortical 
crescent during mitosis (Figure 3.1D).  While there was no apparent defect with 
regard to Mira localization in the mitotic smoIA3 NB, it formed a weaker crescent in 
the mitotic ptcS2 NB, and appeared to be mislocalized throughout the cytoplasm 
(Figure 3.1E-F).  Moreover, most of the ptcS2 NBs appeared to be arrested in 
interphase, based on the appearance of an unbroken nuclear envelope and diffused 
DNA signal (due to decondensation of the chromatin) with markedly reduced cortical 
Mira (93.3%, n = 45), whereas the surrounding heterozygous interphase NBs 
displayed strong cortical Mira (Figure 3.1B, G). 
To further validate the difference in the proliferative capacity between ptcS2 and 
smoIA3 mutant NBs, I measured their mitotic index using Phospho-histone H3 (PH3). 
It is known that Histone-H3 Ser-10 phosphorylation coincides with chromosome 
condensation (Goto et al., 1999).  Therefore, the presence of PH3 could indicate that 
the cell has entered mitosis.  Indeed, ptcS2 NBs were significantly less mitotically 
active than their wt counterparts (12.8%, n = 47 vs 31.0%, n = 29), whereas a higher 
proportion of smoIA3 NBs were engaged in mitosis at any time point examined (42.9%, 
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Systematic analysis of the mitotic index in the GMCs yielded an unexpected result.  
Unlike smoIA3 NBs which had higher mitotic index than wt NBs, smoIA3 GMCs had a 
slightly reduced mitotic index than wt GMCs (11.2%, n = 125, as compared to 13.9%, 
n = 108, p = 0.228).  Similar reduction of mitotic index had been observed for a hh 
null allele, hhAC GMCs (8.8%, n =80, p = 0.305), while a higher mitotic index had 
been observed for ptcS2 GMCs (18.2%, n = 55, p = 0.023) (Figure 3.1H).  While it 
was unclear whether Hh signalling had opposing effects on the proliferative capacity 
of the NBs and GMCs, these data may be subjected to a statistical bias due to the 
enlarged GMC pool in smoIA3 clones, and shrunken GMC pool in ptcS2 clones (Figure 
3.3G-J, to be discussed in next section).  Furthermore, the reduction of mitotic index 
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Figure 3.1:  Hedgehog signalling affects the proliferation of NBs.   
(A-C) Third instar larval brains harbouring wt (A), ptcS2 (B), and smoIA3 (C) MARCM clones 
were immunostained to show the clone size (green GFP channel), and Mira (red) localization. 
In wt clones (D-D’), and smoIA3 (F-F’) clones, the mitotic NBs showed a strong Mira crescent; 
but Mira was highly cytoplasmic in ptcS2 NBs (E-E’).  In interphase ptcS2 NBs (G-G’, GFP 
clones), the cortical Mira was weakened or absent compared to their wt counterparts (yellow 
arrows).  DNA was stained with either PH3 (D and F), or ToPRO3 (the rest).  Scale bar = 10 
µm. (H) Quantification of NB mitotic index in wt, ptcS2, smoIA3 and hhAC clones based on the 
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One drawback of using PH3 as a proliferative marker is that it provides a snapshot of 
cells in mitosis without accounting for their propensity to progress through other 
phases of the cell cycle.  Hence, I conducted a pulse-chase experiment using 5-bromo-
2'-deoxyuridine (BrdU) to supplement the results using PH3 labelling.  BrdU is an 
analogue of thymidine and is incorporated into DNA during the synthesis phase (S 
phase) of the cell cycle. A NB or GMC may be labelled with BrdU in preparation for 
its own division or it could come about through division of a labelled mother cell (i.e. 
NB).  On the other hand, labelled neurons can only arise through division of GMCs as 
neurons do not undergo S-phase. Hence, the number of GMCs and neurons labelled 
with BrdU at the end of the chase period will give a rough indication on the 
proliferative capability of the mother cells (i.e. NBs and GMCs, respectively).  By 
giving a 15 minutes BrdU pulse, followed by 1.5 hours chase period, it was found that 
the wt NB and one to two GMCs were often BrdU positive, as a result of 
incorporation during S-phase (Figure 3.2B).  Occasionally, BrdU positive neurons 
were seen, as a product from the division of GMCs which had prior BrdU 
incorporation (not shown).  In contrast, majority of the ptcS2 clones were devoid of 
BrdU (Figure 3.2C), confirming that the NB and GMCs were less proliferative than 
their wt counterparts or had a much longer cell cycle that S-phase (DNA synthesis) 
did not occur within the 1.5 hours chase period.  The increased PH3 labeling observed 
in the ptcS2 GMCs suggested that they were probably arrested at mitotic phase, or had 
a prolonged mitotic phase/cell cycle.  On the other hand, smoIA3 clones comprised 
BrdU labeled NB, GMCs, and neurons, consistent with the fact that they had more 
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The increase of the mitotic index in smoIA3 NBs was most likely a consequence of Hh 
signalling inactivation as NBs in mutant clones for the hh null allele, hhAC, were also 
more active mitotically (Figure 3.1H).  This phenotype, together with an enlarged 
hhAC clone size (49.4 ± 19.3 cells; n=33, p=0.0177), suggested that Hh functioned in a 
lineage confined manner to restrict the proliferation of the NBs in the central brain, as 
each clone only encompassed a single lineage.  Given that Hh is a ligand, these data 
provided evidence that the role of Hh is NB lineage autonomous (see also Results, 
Section 3.6, Page 81 and Discussion, Section 5.1, Page 106). 
Although the lower proliferation rate for ptcS2 NBs could largely account for the 
smaller clone size observed, I investigated another possible contributing factor – cell 
death.  Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
assay did not detect any occurrence of apoptosis in ptcS2 (or another ptc allele, ptc13) 
clones within the central brain, thus cell death is most probably not a cause of reduced 
clone size (Figure 3.2E-G).  Expectedly, neither wt nor smoIA3 clones contained any 
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Figure 3.2: Hedgehog signalling reduces the proliferation of NBs but does not lead to 
cell death 
(A) Schematic diagram to show the procedure of BrdU pulse-chase assay. (B-D) Third instar 
larval harboring MARCM clones (CD8:GFP in green) in the central brains were subjected to 
the procedure in (A).  BrdU incorporation was detected using anti-BrdU (red) for wt (B), ptcS2 
(C), and smoIA3 (D) larvae.  (E-I) TUNEL assay which recognizes DNA strand break due to 
cell death, blue either marked Dpn or Elav. (E) A control that showed positive TUNEL 
labeling (red) on the surface due to artificially-induced mechanical damage.  A single wt 
clone (green) was shown in the background.  Cell death was not detected in both ptcS2 (F) and 
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3.2. Hh signalling controls NB proliferation but not neuronal differentiation 
In the larval central brain, the proliferative capacity is restricted to the self-renewing 
NBs, intermediate neural progenitors (INPs), and GMCs.  Results so far indicated that 
excessive proliferation occurred in the NBs when Hh signalling was compromised, 
while impaired proliferation resulted when those NBs were exposed to excessive Hh 
signalling.  The changes in the mitotic properties of the NBs (and possibly the GMCs 
too) may signify a deviation from their normal self-renewing (and differentiating) 
fates.  Hence, I examined the effect of loss and gain of Hh signalling in smoIA3 and 
ptcS2 clones, respectively, using molecular markers associated with NB and neuronal 
fates. 
One of the most commonly used molecular marker to assay for NB fate in Drosophila 
is Deadpan (Dpn).  dpn is a pan-neural gene which encodes a basic-helix-loop-helix 
protein and it is expressed in most or all progenitors of the central nervous system and 
peripheral nervous system (Boone and Doe, 2008; Emery and Bier, 1995; San-Juan 
and Baonza, 2011).  In wt, all the NB clones examined contained a single large NB 
which expressed nuclear Dpn (Figure 3.3A).  The newborn GMC was transiently 
Dpn-positive due to perdurance of the protein after division.  In ptcS2 NBs, Dpn 
expression was severely reduced (Figure 3.3B).  In contrast, smoIA3 NBs continued to 
express Dpn as per normal (Figure 3.3C).  smoIA3 NB clones, despite having a larger 
clone size and higher mitotic index than wt, did not exhibit supernumerary NB-like 
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ptcS2 NBs were likely to lose their progenitor fate whereas wt and smoIA3 NBs were 
specified correctly. 
I next examined the expression of Pros as it frequently acts as a molecular switch 
between the self-renewing NB and the differentiating GMC.  It is prevented from 
entering the nucleus of NB during the proliferative phase of the NB through its 
exclusive segregation into the GMC during mitosis (see Introduction, Section 1.4.2.1, 
Page 16).  In wt and smoIA3 NBs, Prospero is below the detection threshold during 
interphase, but accumulates on the basal side of the NBs during mitosis, while in 
GMCs and neurons, Pros is nuclear (Figure 3.3D, F). ptcS2 NBs often mislocalized 
Pros to the nucleus during interphase or showed cytoplasmic enrichment of Pros 
during mitosis (Figure 3.3E). Since it has been shown that cell cycle exit of NBs in 
early pupae can be mediated by nuclear Pros (Maurange et al., 2008), these 
observations suggested that the reduced proliferation in ptcS2 clones may be an 
indication of premature NB cell cycle exit. 
To understand if GMC division and neuronal differentiation were affected, I used the 
neuronal identity marker Embryonic Lethal, Abnormal Vision (Elav).  Elav is 
frequently used as a postmitotic neuronal marker since the first description of its 
protein distribution (Robinow and White, 1988). In wt clones, all the cells expressed 
Elav, except for the large Dpn-positive NB and 3-5 Dpn-negative GMCs (4.4 ± 0.9 
cells per clone, n=23) adjacent to it (Figure 3.3G, J).  In contrast, ptcS2 clones had 
very few Elav-negative GMCs (1.8 ± 1.2 cells per clone, n=53) compared to the wt 
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active, perhaps allowing the differentiation of GMCs to catch up with their production.  
However, smoIA3 clones often contained 4-15 GMC-like cells (6.7 ± 2.6 cells per 
clone, n=25) which were Elav-negative and in direct contact with, or at close 
proximity to the NB (Figure 3.3I, J).  There are two possible explanations for the 
GMC pool expansion: (1) an increase in NB division rate leading to accumulation of 
GMCs (which was confirmed by live imaging (see Section 3.6, Page 81) or; (2) some 
GMCs remained mitotically active after division and do not differentiate. The data 
favored the first possibility as I failed to detect any GMC clones that comprised more 
than two cells (n>50), suggesting that the GMCs did not undergo extra cell cycle 
progression. Furthermore, differentiation was not arrested in smoIA3 clones as all the 
mutant cells expressed Elav when examined at adulthood (Figure 3.4), even though I 
could not formally rule out a delay in differentiation. These results showed that Hh 
signalling plays a role in controlling NB proliferation but does not significantly affect 
the differentiation in type I NBs. 
While type I NBs generate GMCs which undergo terminal divisions to produce two 
neurons/glias, the type II NBs generate trans-amplifying GMCs which undergo 
multiple rounds of asymmetric divisions to generate many neurons/glias. Hh 
signalling appears to play a similar role in type II NBs. In wt, each type II NB clone 
contains 96.8 ± 31.1 cells (n=21, Figure 3.3J). ptcS2 clones were smaller and contained 
only 61.7 ± 29.9 cells (n=19, Figure 3.3J), while smoIA3 mutant exhibited larger clones 
with 138.6 ± 48.6 cells (n=16, Figure 3.3J). Together, these data suggest that Hh 
signalling is utilized as a common mechanism in regulating NB proliferation and 
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Figure 3.3:   Hh signalling 
pathway is required to control NB 
proliferation but not neuronal 
differentiation.   
 (A-I’) NB clones of different 
genotypes: wt (A-A’, D-D’, and G-
G’), ptcS2 (B-B’, E-E’, and H-H’) 
and smoIA3 (C-C’, F-F’, and I-I’) 
were marked by CD8:GFP (green). 
Dpn was expressed in the nuclei of 
wt NBs (A-A’), and its expression 
remained unchanged in smoIA3 NB 
(C-C’).  However ptcS2 NB had 
decreased levels of Dpn expression 
(B-B’) compared to wt NBs located 
outside of the clone (arrow). wt and 
smoIA3 NBs showed a Pros crescent 
during mitosis (D-D’ for wt; not 
shown for smoIA3) and did not show 
visible nuclear Pros expression 
during interphase (F-F’ for smoIA3; 
not shown for wt), but ptcS2 
interphase NBs showed nuclear-
localized Pros (E-E’). (G-G’) wt NB 
clone showing three undifferentiated 
GMCs (arrowheads) which lacked 
Elav expression. (H-H’) In a ptcS2  
NB clone all of the the cells 
surrounding the NB expressed Elav. 
(I-I’) In smoIA3 NB clones an 
enlarged cluster of cells surrounding 
the NB did not express Elav. 
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(J) Quantification of three different cell fates based on the absence or presence of Dpn and 
Elav expressions for both Type I and Type II NB clones in wt, ptcS2 and smoIA3 backgrounds. 
Error bars showed S.E.M. Statistical significance was determined using Student’s t-test, 
where double asterisks denotes p < 0.003 and single asterisk denotes p < 0.05. 








Figure 3.4: All cells in smoIA3 mutant clone express neuronal marker in adult brain. 
All the cells within smoIA3 clone (marked by GFP) in 1 day old adult brain are Elav positive 
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3.3. Hh signalling functions through the canonical pathway in the NBs 
To assess whether Hh signalling exerts its effect on NBs via the canonical pathway, I 
examined NB proliferation in ci clones. When Ci function was compromised in the 
ci94 mutant, NB clones exhibited a GMC pool expansion phenotype similar to smoIA3 
clones (Figure 3.5A-C), albeit at a lower frequency (20.0%, n =15). Pros localization 
was largely unaffected in both NBs and GMCs/neurons within ci94 clones, similar to 
those observed in smoIA3 clones (Figure 3.5D). In contrast, NB clones expressing a 
constitutively active form of ci, ciNc5m5m (Price and Kalderon, 1999) using an actin-
driven flip-out cassette, contained fewer Elav-negative GMCs (2.1 ± 1.1 cells per 
clone, n=15) similar to ptcS2 clones (Figure 3.5E). These data show that a canonical 
Hh signalling cascade acts to maintain the balance of NB proliferation and neuronal 
differentiation. 
Intriguingly, RNAi-mediated knockdown of a downstream kinase of Hh signalling 
pathway, Fu, revealed a loss of Elav-negative GMC (1.6 ± 1.6 cells per clone, n=14) 
phenotype reminiscent of ptcS2 (Figure 3.5F), contrary to the reported roles of Fu as an 
agonist of Hh signalling pathway in the wing disc.  On the other hand, knockdown of 
Suppressor of Fused, Su(Fu) which is known to modulate the response curve for the 
Hh signalling pathway by sequestering both repressor and activator forms, did not 
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Figure 3.5: Hh functions through its canonical pathway in the NBs 
(A-D’) Homozygous ci94 clones as marked by the absence of GFP. (A-C’) Three consecutive 
z-sections (6 µm apart from each other) of a ci94 clone exhibited areas which were both Dpn 
and Elav negative, occupied by GMC-like cells (arrows). The pink dotted line marks the 
outline of the NB (A-B).  (D-D’) Pros was localized to the GMCs and neurons of ci94. 
(E-E’’) Over-expression of constitutively active form of ci using Ay-GAL4 flip-out system 
showed a single undifferentiated GMC (arrow) within the clone.  DNA was marked with 
ToPRO3 (blue). 
(F-F’’) fu RNAi knockdown in Ay-GAL4 generated clone (green) which showed only one 
undifferentiated GMC (arrow), while the rest of the cells apart from the NB (Dpn, red) had 
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3.4. High level of Hh pathway signalling is necessary to inhibit NB 
proliferation and induce cell cycle exit 
ptcS2 allele used in this study has been reported to be an antimorph (or dominant-
negative form) (Martin et al., 2001; Strutt et al., 2001).  It harbours a substitution 
mutation with a highly conserved aspartic acid at the intracellular boundary of the 
sixth transmembrane domain being replaced by an asparagines residue (Figure 3.6A).  
Further examination of other ptc alleles showed unexpected results.  ptc16, which had 
been previously characterized as a null allele due to an early stop codon before the 
first transmembrane domain, did not produce any defect with respect to NB 
proliferation and neuronal differentiation (Figure 3.6A, C). Similar results were 
observed for ptc14 allele which has a missense mutation within the first 
transmembrane domain, as well as ptc47 which encodes a truncated form of the protein 
lacking the last three transmembrane domains and the C-terminal tail (Figure 3.6A, D-
E).  The other ptc allele which showed a phenotype comparable to ptcS2, albeit slightly 
more severe, is ptc13 which has a substitution mutation on the conserved glutamic acid 
in the cytoplasmic C-terminal tail (Figure 3.6A-B, F).  ptc13 mutant clones are 
generally smaller than the wt counterpart, containing 27.3 ± 10.7 cells (n=15, 
p=0.0012), yet some of the clones contained more than one Dpn-positive cell (2-4 
cells) (Figure 3.6F).  It was likely that the smaller Dpn-positive cells were GMC 
daughters which failed to down-regulate Dpn inherited from the mother NB as they 
did not show proliferative activity of the stem cells.  In addition, there was hardly any 
Dpn-negative, Elav-negative GMC-like cell within all the clones examined (0.1 ± 0.3 
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Interestingly, akin to ptcS2, ptc13 has also been classified as an antimorph (Strutt et al., 
2001), prompting speculation that inhibition of NB proliferation requires high level of 
Hh signalling.  This could be due to the fact that antimorphic alleles, but not the null 
allele, are able to abolish the functions of the residual wt Ptc protein that is produced 
prior to MARCM clones generation. Otherwise, an alternative explanation would be 
that the NB proliferation phenotype seen in both ptcS2 and ptc13 was an artifact 
specific to these alleles, independent of Hh signalling.  Supposedly the NB 
proliferative defect is caused by an aberrantly high level of Hh signalling in the NBs, 
dampening Hh signalling in ptcS2 clones will be able to suppress the phenotype.  
Indeed, removal of a copy of functional smo in ptcS2 mutant background fully rescued 
the phenotype (Figure 3.6G).  The Dpn expression was no longer reduced and more 
dramatically, the number of GMC-like cells was reverted to the wt level (4.1 ± 1.1 
cells, n=14, Figure 3.6G).  The phenotypes related to the localization and distribution 
of Mira and Pros were rescued as well (to be elaborated in Chapter 4:). 
In order to explain the lack of NB/GMCs phenotype for ptc16 null allele, I artificially 
increased Hh signalling by introducing a constitutively active form of Smo that lacked 
its autoinhibitory domain, smoΔ661-818 (Zhao et al., 2007) in ptc16 background.  While 
smoΔ661-818  clone did not produce any visible phenotype, hyper-activation of Hh 
signalling with ptc16; smoΔ661-818 produced a ptcS2-like phenotype with each clone 
containing just 2.1 ± 1.4 GMC-like cells (n=16) (Figure 3.6H-I).  However, over-
expression of the Hh ligand using neuroblast/neuron drivers: insc-, pros-, and elav-
GAL4, as well as glial drivers: repo-, gcm-, and nrv2-GAL4 were not sufficient to 
produce any apparent defect affecting NB proliferation (not shown), possibly 
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The strength of Hh signalling is regulated by a number of HSPG proteins in different 
tissues and developmental context.  In particular, Dlp has been reported to serve as a 
co-receptor for Hh signalling in the embryos and wing discs, probably by facilitating 
Hh-Ptc binding.  In agreement with the fact that Dlp is necessary for full-strength Hh 
signalling in the receiving cells, dlpA187 mutant clones had excessive GMC-like cells, 
resembling the phenotypes seen in hhAC and smoIA3 clones (Figure 3.3J, Figure 3.6J, 
Figure 3.9A-B). 
Taken together, these results strongly suggest that a high level of cell intrinsic Hh 
signalling activity is required to suppress NB proliferation. 
 
Figure 3.6:  NB proliferation is only affected with the induction of high level of Hh 
signalling. 
Figure on next page 
(A) Graphical representation of the Ptc protein showing the location of the truncations or the 
missense mutations.  The black bars indicate the transmembrane domains while the pink 
shading indicates the sterol sensing domain. 
(B-F’) Homozogous clones (as marked by GFP in green) for ptcS2 (B), ptc16 (C), ptc14 (D), 
ptc47(E), and ptc13 (F).  All the ptc alleles apart from ptcS2 and ptc13, formed clones with 3-5 
GMC-like cells (arrows, or arrowhead for out-of-focus cell) which were both Dpn (red) and 
Elav negative (blue). ptc13 clones often contained supernumerary Dpn-positive cells (arrow), 
but had no or very few GMCs. 
(G-G’) The phenotype of ptcS2 could be suppressed by the removal of one functional copy of 
smo.  The number of GMCs (arrows) was reverted to the wild type level. 
(H-I’) While over-expression of the constitutively active form of smo, smoΔ661-818 in the Ay-
Gal4 induced clone did not produce ptcS2 phenotype (H) as the number of GMCs was 
similar to that in wt clone, over-expression of smoΔ661-818 transgene in ptc16 sensitized 
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(J-J’) A dlpA187 mutant clone that showed an expansion of GMC-like cells (arrows, and 
arrowhead for out-of-focus cell). 
(B-J’) The NBs and the differentiated neurons were labelled with Dpn (red ) and Elav (blue) 
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3.5. NBs are Hh signal receiving cells 
Using RNA in-situ hybridization against an intronic region of hh which detected 
nascent nuclear transcripts, I found that hh transcripts were temporally regulated 
during development. hh transcripts were first detected in late L2/early L3 larval stages 
and its expression levels strongly increased in late L3 stage brains (Figure 3.7A-B). 
Labeling of a single NB lineage showed that hh transcripts were expressed in the 
nuclei of the GMCs, particularly the newborn GMCs, based on their close proximity 
to the NB (Figure 3.7C). Interestingly, the dynamics of hh transcripts appeared to be 
cell-cycle specific in the NBs as they were undetectable during interphase (Figure 
3.7C), but became detectable during mitosis, suggesting that hh is likely transcribed 
during the G2 phase (Figure 3.7D). As the intronic probe detects hh pre-mRNA and 
RNA splicing is repressed during M-phase (Loyer et al., 2005), I used an exonic 
probe to detect the presence of mature hh mRNA in interphase NBs. Predictably, 
mature hh cytoplasmic transcripts were detected in NBs and adjacent GMCs, but not 
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Figure 3.7: hh transcripts are detected in the NBs and GMCs. 
(A-B) hh transcript (red) was detected mainly in the GMCs of 72h ALH brain lobe (B), but 
not in that of 48h ALH brain lobe (A). CD8:GFP (green) was driven with elav-Gal4 to mark 
the outlines of the cells. (C-C’’) In situ hybridization of hh (red) in a wt clone showed that the 
transcript was expressed in the GMC adjacent to the Dpn-expressing NB. 
 (D-D’) In situ hybridization using an intronic probe which detects hh pre-mRNA (red) in a wt 
clone showing hh expression in the mitotic NB (note the nuclear morphology, arrow), as well 
as in the GMC next to it (arrowhead).  (E-E’) The mature form of hh mRNA (red) is detected 
in the cytoplasm of the NB (arrow) and to a lesser extent, the adjacent GMC (arrowhead). 
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Using an anti-Hh antibody we found a corresponding age-dependent accumulation of 
Hh protein (Figure 3.8A-E). Hh was barely detectable in L2 brains, while it was 
clearly seen in L3 brains. Furthermore, the number of NBs with Hh enriched on the 
cell surface increased over time and reached a peak at the pre-pupa stage (Figure 
3.8E), consistent with the possibility that Hh signalling may play a key role in NBs 
towards the end of larval development. As Hh protein tends to build up and cluster 
around the NB cell surface at L3 (Figure 3.8D) and given the results of the clonal 
analyses (see above), I wondered if NBs were Hh signal receiving cells. I analyzed the 
pattern of hh reception using a ptc reporter line carrying a 2.8kb upstream sequence 
fused to lacZ, as well as a ptcH84 enhancer trap insertion line (Figure 3.8F and not 
shown). As judged by the expression of these reporters, NBs appeared to be the signal 
receiving cells (and possibly the GMCs as well) although ideally the observations 
should include a control by assaying for hh reception using the same reporter lines 
under hh loss-of-function background (or with any mutation affecting Hh signalling). 
I noticed that there were wide variations in the penetrance and expressivity of the 
phenotype in smoIA3 clones.  There are three possible explanations for this observation: 
(1) the persisting activity of wt Smo protein in smoIA3 clones arising from progenitors 
that process wt smo allele (perdurance), such that the severity of the phenotype is 
associated with the post-clone generation time, (2) NBs and/or GMCs received 
different amount of Hh ligand depending on their spatio-temporal location, and (3) 
NBs and/or GMCs have different susceptibility towards Hh signalling.  Scenario (1) is 
highly unlikely as differential severity of phenotype was still observed with age-
synchronized larvae subjected to a single heat shock to ensure that all clones are 
generated within a tight window.  Scenario (3) is tempting but may be unlikely as well 
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equally well, as judged by the ptc reporter lines.  However, I cannot rule out the 
possibility that lacZ expression was saturated for those reporter lines such that the 
difference in Hh signal reception could not be effectively discerned.  Based on the 
existing results, scenario (2) is more favourable as the distribution and clustering of 
Hh protein was rarely uniform within the central brain.  Supporting this, lacZ 
enhancer trap line for hh, hhP30 detected higher level of hh expression in certain NB 
lineages (Figure 3.8G). 
 
 
Figure 3.8:   Hh expression in the larval brain shows a temporal dependence. 
Figure on next page 
(A-C’) Larval brain lobes with cell outlines marked by CD8:GFP at different ages showed 
that Hh protein accumulated on the NB  in an age-dependent manner. (D) Accumulation of 
Hh protein on/within the NB at 96h ALH was visualized with anti-Hh antibody (red). (E) The 
percentage of the NB with bound Hh was determined by calculating the number of NBs with 
bound Hh over the total number of NBs in the central brains of wt larvae at different age-
windows. Error bars corresponds to S.E.M.  
(F) A wt third instar larval brain lobe was immunostained to show the expression of Dpn (red), 
Elav (blue) and the Hh reception reporter, ptc-lacZ (green). Inset showed two separate NB 
clones in which ß-Gal expression was detected in the NB and, to a lesser extent, GMCs. 
(G-G’) Central brain region (area below the dotted line) of a wt third instar larval brain was 
labelled with Pros (red), ToPRO3 (DNA in blue) and ß-Gal (to mark hh-lacZ, green).  Arrow 
indicated the region with higher expression of ß-Gal, which corresponded to the lineages with 
higher level of Hh expression. 
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3.6. Hh signalling promotes cell cycle exit of the postembryonic NBs 
Supporting the temporal expression of hh (thus its function) in the brain, excessive 
proliferation of hhAC mutant NB clones was observed only when clones were induced 
at 24 hr ALH (L1 stage) but not 48 hr ALH (L2 stage) (Figure 3.9B-C and data not 
shown). Similarly, enlarged smoIA3 clone were also only evident when induced early 
(24 hr ALH) but not late (48 hr ALH) (Figure 3.9F, Figure 3.3J and data not shown). 
These data prompted me to address the link between Hh signalling and the “temporal 
series” mechanism which controls the proliferation of NBs. 
 
 
Figure 3.9: hhAC mutant 
NB over-proliferated to 
produce a large clone when 
induced at 24 hr ALH 
(A) A wt NB clone (marked by 
GFP, green) with four 
undifferentiated GMC-like 
cells which were both Dpn- 
(red) and Elav- (blue) negative 
(arrows) as compared to (B-B’) 
a hhAC clone which showed six undifferentiated GMC-like cells (arrows; arrowhead marked 
one GMC that was partially hidden from view). 
(C-C’’) Three consecutive z-sections (6 µm apart from each other) of a single hhAC clone. 
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Grainyhead (Grh) is expressed as a terminal temporal series component in the late 
embryo and its expression persists during larval stages to maintain the mitotic activity 
of the NBs in the central brain and the thoracic segment (Almeida and Bray, 2005; 
Brody and Odenwald, 2000; Cenci and Gould, 2005). Down-regulation of Grh in the 
NBs coincides with Pros-dependent cell cycle exit, which is accompanied by the 
reduction of NB size, delocalization of Mira from the cortex to the cytoplasm during 
early mitosis, as well as Pros translocation into the nucleus (Maurange et al., 2008).  It 
was noted that ptcS2 NBs also exhibited similar Mira and Pros mislocalization (Figure 
3.1E, Figure 3.3D).  In addition, the size of ptcS2 NBs at 96 hours ALH (9.9 ± 1.2 µm, 
n = 72) was consistently smaller than that of wt NBs (11.2 ± 0.9 µm, n = 61, p = 1.0 x 
10-10) (Figure 3.10A-C).  The same was true for the ptc13 NBs which measured 9.9 ± 
1.2 µm, n = 36 (Figure 3.10C). 
 
   
Figure 3.10: ptc mutant NBs have reduced cell size. 
(A-B) An example of NB size (diameter) in wt (A) and ptcS2 (B) clones at 96h ALH.  (C) 
Quantitation of NB diameter in wt, ptcS2, ptc13 and smoIA3 clones at 96h ALH.  Error bars 
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These results, along with the temporal expression pattern of hh led to the speculation 
that Hh signalling might act through Grh in promoting NB cell cycle exit.  I therefore 
examined the pattern of Grh expression in NB clones at different time intervals from 
early L3 until 24 hours post-pupation. In wt L3, within the window of 72-96 hours 
ALH, a high level of Grh was always detected in the NBs in conjunction with 
relatively lower expression levels in some GMCs (Figure 3.11A-B). Down-regulation 
of Grh occurred at around 12 hour after puparium formation (APF) during which the 
NBs retained low levels of Grh while the GMCs were devoid of Grh (Figure 3.11C). 
By 24 hours APF, Grh became barely visible in the NBs (Figure 3.11D), consistent 
with the reported cessation of NB proliferation between 20-30 hours APF (Ito and 
Hotta, 1992). However, in ptcS2 clones, NBs appeared to down-regulate Grh 
expression prematurely. At 72 hour ALH, Grh expression was absent from GMCs and 
its level was significantly reduced in NBs at 96 hours ALH, and subsequently lost 
completely from all NBs at 12 hours APF (Figure 3.11E-G). This was consistent with 
the lack of mitotic activity in ptcS2 NBs (Figure 3.1H), presumably most of the NBs 
had exited the cell cycle by 96 hours ALH. As for smoIA3 clones, the NBs and some 
GMCs persistently expressed Grh from larval stages until 12 hours into the pupal 
stage (Figure 3.11H-J). At 24 hours APF, all NBs (n = 8) within smoIA3 clones 
remained Grh-positive but some GMCs began to down-regulate Grh expression 
(Figure 3.11K-L). More intriguingly, Grh expression persisted in all of the NBs for all 
the smoIA3 clones examined at 36 hours APF (n = 16), and as much as 86.7% of the 
clones still retained some level of Grh expression in the GMCs (Figure 3.11M). The 
significance of this prolonged expression of Grh is highlighted by the expression of 
NB proliferation markers Mira and PH3 in 50% (n = 14) of the smoIA3 NBs (Figure 
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Figure 3.11: Hh signalling induces cell cycle exit in the NBs via down-regulation of Grh. 
(A-D’) Grh (red) was expressed in wt NBs (marked by Dpn, blue) and some GMCs at 72h 
ALH (A-A’) and 96h ALH (B-B’). Grh expression was down regulated in the NBs and 
abolished in the GMCs by 12h APF (C-C’) and its expression was barely visible at 24h APF 
(D-D’). (E-G’) ptcS2 NB showed normal expression of Grh at 72h ALH (E-E’) but its level 
quickly decreased by 96h ALH (F-F’) and was completely abolished at 12h APF (G-G’). (H-
L’) Grh expression was detected in smoIA3 NB and GMCs at 72h ALH (H-H’), and 96h ALH 
(I-I’) but persisted until 12h APF (J-J’) and failed to be down-regulated at 24h APF (K-L’). (L) 
A smoIA3 NB at 24h APF with persistent Grh expression amidst the wt background (non-green) 
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(M-M’) smoIA3 clones in the pupal brain (36h APF) continued to express Grh (red) in NB and 
GMCs even though all other neighbouring wt cells had down-regulated the Grh expression. 
Scale bar = 10 µm. 
 
 
Studies in mammalian systems have shown that cell cycle lengths of neural precursors 
increase due to lengthening of the G1 phase as development proceeds (Salomoni and 
Calegari, 2010). Similarly, Drosophila late stage (120 hours ALH) postembryonic 
thoracic NBs show prolonged cell cycle lengths compared to earlier stage NBs (96 
hours ALH) (Maurange et al., 2008). I therefore wondered whether the over- and 
under-proliferation phenotypes observed with hh loss- and gain-of-function might be 
associated with changes in cell cycle time. Indeed, live imaging of wt larval brain 
showed that, the cell cycle of the NBs lengthened from 93.5 ± 12.8 min at 48 hours 
ALH (n = 7) to 115.0 ± 42.8 min at 72 hours ALH (n = 13), and finally 154.1 ± 42.0 
min at 96 hours ALH (n = 11) (Figure 3.12A, D, Movie S1). smoIA3 NBs averaged a 
cell cycle time which was indistinguishable from that of wild type NBs at 48 hours 
ALH (93.6 ± 14.1 min, n = 7) (Figure 3.12D). However, the cell cycle lengths of 
smoIA3 NBs were shorter than their wild type counterpart at 72 hours and 96 hours 
ALH, clocking 76.4 ± 21.8 min (n = 11) and 118.9 ± 24.0 min (n = 9), respectively 
(Figure 3.12B, D, Movie S2). Conversely, ptcS2 NBs significantly extended their cell 
cycle length at 48 hours and 72 hours ALH, averaging 183.3 ± 28.4 min (n = 3), and 
191.4 ± 34.5 min (n = 7) respectively (Figure 3.12C-D, Movie S3). In agreement with 
the low mitotic index at 96 hours ALH in ptcS2 NBs, I failed to image any dividing 
NB despite many attempts.  Putting all these results together, it appeared that loss of 
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consequence, the proliferative capability of the NBs was prolonged.  Ectopic Hh 
signalling led to a forward shift of the “perceived” age, such that NBs underwent 
premature cell cycle exit. 
 
 
Figure 3.12: The developmental timing of NB cell cycle exit depends on Hh signalling.   
(A-C) Live-imaging movie stills of a 72h ALH wt NB (A) marked by histone-RFP (red) and 
G147 (green), as well as those of 72h ALH ptcS2 (B) and smoIA3 (C) NBs marked by histone-
RFP (red) and CD8:GFP (green). Cell cycle lengths were determined by counting the time 
taken from the appearance of cleavage furrow from one division to the next, based on 
appearance of GMC bud (M and N) or nuclear membrane elongation when GMC budded off 
(C). (D) Quantification of cell cycle length in wt, ptcS2 and smoIA3 NBs, at 48h, 72h and 96h 
ALH. ptcS2 NBs failed to divide at 96h ALH under our live imaging conditions. Error bars 
represent S.D. Statistical significance was determined using Student’s t-test, where single 
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3.7. An early transient pulse of Cas expression is required for the later hh 
expression in GMCs 
To understand how Hh signalling interacts with the components of the temporal series, 
I focused on Seven-up and Castor, two temporal transcription factors that act to 
counteract the effects of Grh, thus enabling the NBs to stop dividing in early pupa 
(Maurange et al., 2008). svpe22 clones did not yield any obvious defect with regard to 
NB proliferation and neuronal differentiation at larval stages (Figure 3.13A). cas24 
clones, however, showed an expansion of GMC-like cells (8.2 ± 1.5 cells, compared 
to 4.4 ± 0.9 per clone in wt) at 96 hours ALH, similar to clones with compromised Hh 
signalling (Figure 3.13B, G). As implicated by their roles in scheduling cell cycle exit, 
approximately half of smoIA3 (50.0%, n = 14) and cas24 (53.7%, n = 41) clones 
retained a single Mira-positive, PH3-positive NB at 48 hours APF (Figure 3.13D-E, 
H). Interestingly, the persistent proliferative phenotype seen in cas24 clones could be 
partially suppressed by simultaneously expressing ptcRNAi, suggesting a genetic 
interaction between Hh signalling and cas (thus the temporal series) (Figure 3.13C, F). 
The total GMC-like cells within cas24 clones were brought down from 8.2 ± 1.5 (n=14) 
to 5.5 ± 1.3 (n=23) cells per clone with the introduction of ptcRNAi, a level close to that 
observed in wt clones. Similarly, unlike cas24, a majority of the NBs in ptcRNAi; cas24 
double-mutant clones were no longer active mitotically at 48 hours APF (Figure 
3.13F, H). Together, these data indicate that Hh signalling interacts genetically with 
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Figure 3.13: Hh signalling interacts with NB temporal cascade component.   
(A-A’) A svpe22 clone that showed wt number (4 altogether) of Dpn (red)-negative, Elav 
(blue)-negative, GMC-like cells (arrows: in focus, and arrowhead: out of focal plane). 
(B-B’) cas24 clone had increased numbers of Dpn-negative, Elav-negative, GMC-like cells 
(arrows: in focus, and arrowhead: out of focal plane). 
(C-C’) This phenotype of cas24 clones could be largely suppressed by the introduction of 
ptcRNAi. Note the number of GMC-like cells (arrows and arrowhead). 
(D-F’) About 50% of smoIA3 (D-D’) and cas24 (E-E’) clones had a single NB that continues to 
express Mira (red) and PH3 (blue) at 48h APF. Such delay in cell cycle exit could be largely 
reverted by expressing ptcRNAi in the cas24 mutant background (F-F’). 
(G) Quantification of GMC numbers in various mutant backgrounds. A typical wt NB clone 
contained 3-5 GMCswhich are Dpn- and Elav- negative. In ptcS2 clones, there was a decrease 
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number of GMC-like cells in cas24 clones could be reduced to a level close to that of wt with 
the expression of ptcRNAi or PP4-19CRNAi. 
(H) Quantification of 48h APF clones harboring Mira positive cells in smoIA3 and cas24 
background.  The continuous proliferation of NB in the pupal stage in cas24 clones could be 
suppressed with the expression of ptcRNAi or PP4-19CRNAi. 




So what is the hierarchical relationship between cas and Hh signalling? Cas is 
transiently expressed in NBs during early larval development (about 24 hr ALH), 
prior to detectable hh expression, and subsequently detected in GMCs and neurons 
(Maurange et al., 2008) during later development. Hence cas is unlikely to be 
genetically downstream of Hh signalling. Consistent with this, Cas expression pattern 
was unaltered in both ptcS2 and smoIA3 clones (Figure 3.14A-C). In wt, hh transcript 
was often detected in the GMCs which could be identified by the presence of cortical 
Pon. Although hh transcript levels remain high in the majority of the cas24 mutant 
clones induced at late L1 or early L2 (68.4%, n = 19) (Figure 3.14D), hh expression 
was abolished or significantly reduced in 82.6% of the cas24 clones (n = 23) induced 
during embryonic development (Figure 3.14E), thus putting hh downstream of cas 
and suggesting that the competency for hh expression was likely dependent on the 
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Postembryonic neurons undergo an identity switch from large Chinmo expressing to 
small Br-C expressing neurons at around 60 hours ALH.  This transition is known to 
be regulated by Cas and Svp and it had been speculated that other unknown 
downstream members of the temporal series may control the switch directly.  As hh 
functions downstream of cas, it might be the missing link between Cas and neuronal 
identity transition.  Unfortunately, disruption of Hh signalling did not block Chinmo 
 Br-C transition, showing that it required other mechanisms which were 
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Figure 3.14: hh functions downstream of cas. 
(A-C’) Cas expression (red) was evident in a subset of the neurons in the wt clone (A-A’, Cas 
negative neurons were out of the plane).  Cas expression was not altered in ptcS2 (B-B’) and 
smoIA3 (C-C’) clones. 
(D-E’) In situ hybridization of hh mRNA showed that embryonic Cas was required for normal 
hh expression. cas24 clones induced at 24h ALH did not affect hh expression (D-D’) while 
cas24 clones induced during late embryonic stage could reduce or abolish hh expression (E-E’). 
Pon (blue) showed the outline of the newly born GMCs which typically expressed hh mRNA. 
(F-H’) MARCM clones (GFP in green) of wt (F), ptcS2 (G), and smoIA3 (H) in the central brain 
at 96 hr ALH.  Br-C (red) was expressed in all the late born neurons in wt clone (F).  Such 
expression was unperturbed in both ptcS2 (G) and smoIA3 (H) clones, despite that ptcS2 NB also 
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3.8. Cas is likely to interact directly with hh genomic region 
Cas is a zinc finger protein capable of acting both as a transcriptional activator and 
repressor by binding to recognition sites with the consensus sequence  G/C C C/T C/T 
AAAAA A/T N (Kambadur et al., 1998). Does the regulation of hh expression by Cas 
reflect the direct binding of Cas to the hh promoter? By scanning about 30 kb of 
genomic sequence flanking the hh locus, I identified multiple potential DNA-binding 
sites which contained the Cas recognition sequence. I then performed quantitative 
chromatin immunoprecipitation (ChIP) assays on S2 cells transiently transfected with 
Flag-tagged Cas and used the genomic region from pdm-1, a known Cas target, as a 
positive control. Cas directly binds to several consensus sites in the genomic region 
flanking pdm-1 [(Kambadur et al., 1998) and personal communication with W. 
Odenwald]. Indeed, ChIP results showed that the pdm-1 cis-regulatory region was 
about 3 times more enriched with Flag-tagged Castor compared to the control actin-
5C promoter site (Figure 3.15) and it was approximately 18 times more enriched 
compared to the non-transfected control (not shown). Supporting the notion that Cas 
directly associates with the hh genomic region, Cas was enriched at a 6 kb genomic 
region encompassing the hh transcription initiation site where there were 19 sites 
which matched at least 8 out of 10 bases of the Cas consensus binding sequence 
(Figure 3.15). Specifically, the enrichments for Cas at the hh genomic region 
compared to that at the actin-5C promoter site and to the non-transfected control were 
up by 4.2 and 21.6 times, respectively. Thus, the results suggest that Cas might be a 
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To establish whether Cas-mediated transcription of Hh was functional, I co-
transfected S2 cells with an actin promoter-driven cas expression construct and a 
luciferase reporter construct that contained a ~5kb putative responsive element 
obtained across the entire hh genomic region, including the 6 kb genomic region 
where Cas physically bound to.  However, none of these putative responsive elements 
could increase the bioluminescence significantly in the presence of Cas, as compared 
to the non-transfected control (not shown), suggesting that Cas alone was not 





Results: Hh signaling in the postembryonic brain 
 
Figure 3.15: Cas binds physically to the hh genomic region. 
Chromatin immunoprecipitation (ChIP) for Flag-tagged Cas transfected into S2 cells showed 
that Cas was heavily enriched within the 6kb region at the 5’ UTR of hh gene (orange box). 
There are 19 putative Cas binding sites within that region. The enrichment of any region of 
the chromatin was counted as the multiple of specific binding (anti-Flag) against non-specific 
binding (anti-IgG), and normalized to the enrichment at the actin promoter site (negative 
control). A known target of Cas, pdm-1 was used as a positive control (grey box) for 
comparison purposes. The value of the blue bars was the average enrichment (times) from 
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Chapter 4: Hh signalling and asymmetric division 
4.1. Pros is essential for Hh induced cell cycle exit 
NB cell cycle exit is a process which requires the cooperative actions of the 
asymmetric division apparatus.  Given the roles of Hh signalling in promoting NB cell 
cycle exit, it is of interest to investigate whether NB asymmetric division is regulated 
by Hh signalling, or vice versa.  In wt animals, Baz/Par6/DaPKC and Insc/Pins/Gαi 
proteins formed a complex and localized to the apical cortex of dividing NBs (Figure 
4.1A-C).  These apical proteins exhibited normal localization in ptcS2 and smoIA3 
mutant NBs, with the exception of DaPKC which showed a slightly weaker crescent 
in some of the ptcS2 NBs (Figure 4.1E-G, I-K).  Numb and its adaptor Pon were 
correctly localized on the basal cortex in all wt, ptcS2 and smoIA3 mutant NBs (Figure 
4.1D, H, L).  While Mira/Pros complex was localized to the basal cortex in both wt 
and smoIA3 mutant NBs (Figure 3.1D, Figure 3.1F, Figure 3.3D, Figure 3.3F, Figure 
4.1C, Figure 4.1K); however, both Mira and Pros were delocalized and showed strong 
cytoplasmic accumulation in ptcS2 mutant NBs (Figure 3.1E, Figure 3.3E, Figure 
4.1G). Thus, removing Smo function from NBs does not cause any noticeable defects 
on asymmetric division; whereas ptcS2 mutant NBs specifically disrupt the basal 
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Figure 4.1: Excess Hedgehog signalling only affects the localization of Mira/Pros 
complex. 
(A-D’) wt NBs formed apical crescents of DaPKC (A-A’, red), Pins (B-B’, red), and Insc (C-
C’, red), as well as basal crescents of Mira (C, C”, blue), and Numb (D-D’, red) during 
mitosis. 
(E-H’) ptcS2 NBs localized DaPKC (E-E’, red), Pins (F-F’, red), Insc (G-G’, red), and Numb 
(H-H’, red) correctly during mitosis, but often delocalized Mira into the cytoplasm (G, G”, 
blue). Note that Insc crescent was slightly weaker in ptcS2 NBs compared to wt NBs.  
(I-L’) smoIA3 NBs formed wt crescents of DaPKC (I-I’, red), Pins (J-J’, red), Insc (K-K’, red), 
Mira (K, K”, blue), and Numb (L-L’, red) during mitosis. 





Results: Hh signaling & asymmetric division 
Interphase ptcS2 NBs were usually devoid of cortical Mira.  As Mira is a marker for 
proliferating NB and Pros is normally tethered onto the cortex by Mira and kept out of 
the NB nucleus, I over-expressed GFP-tagged Mira in ptcS2 clone to test whether the 
loss of Mira could be the primary cause for Pros nuclear localization.  However, 
reinstating Mira on interphase ptcS2 NBs did not rescue its under-proliferation 
phenotype, as judged by the lack of GMCs (Figure 4.2A).  I next asked if Pros mis-
regulation could result in the Mira phenotype.  Indeed, over-expression of Pros led to 
the loss of cortical Mira from the interphase NB, even before the disappearance of 
Dpn (Figure 4.2B).  Hence, ectopic Hh signalling was likely to up-regulate Pros 
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Figure 4.2: Excessive Pros expression causes mis-regulation of Mira. 
(A-A’’) Over-expression of Mira (red) in ptcS2 background (mutant clone was marked by 
CD8:GFP, green) did not rescue NB under-proliferation phenotype. 
(B-B’’) Over-expression of wt Pros within AY-Gal4 clone (green) resulted in the absence of 
cortical Mira (blue) in the interphase NBs (arrows) while a neighbouring wt mitotic cell 
formed a Mira crescent (arrowhead).  Dpn (red) was down-regulated in a NB which expressed 
Pros ectopically (yellow arrow), but not in another NB with the same genotype (white arrow). 
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Interestingly, a burst (or transient expression) of interphase nuclear Pros 
(accompanied by cytoplasmic localization of Mira) is triggered by the temporal 
mechanism during the terminal division of NBs, indicative of cell cycle exit 
(Maurange et al., 2008). However, how the temporal mechanism can mediate nuclear 
Pros localization in NB was unknown. ptcS2 NBs were associated with a higher level 
of nuclear Pros during interphase and cytoplasmic Pros during mitosis (Figure 3.3E). 
Pros functions by repressing genes required for NB self-renewal and activating genes 
implicated in neuronal differentiation (Choksi et al., 2006). Hence, we reasoned that 
the slower mitotic cycle and premature cell cycle exit in ptcS2 NBs may be the result 
of mislocalized/nuclear Pros. Indeed, removal of one copy of functional pros largely 
suppressed the Mira mislocalization phenotype associated with ptc loss-of-function 
(Figure 4.3A, B). As many as 71.4% of the ptcS2; pros17/+ NBs (n = 21) expressed 
cortical Mira during interphase and strong Mira crescent during mitosis. Furthermore, 
the number of Dpn-negative, Elav-negative GMC-like cells was reverted to the wt 
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Figure 4.3: The phenotype of ptcS2 clones can be suppressed by removing one copy of 
pros. 
(A-B’) The excessive cytoplasmic Mira and weak Mira crescent seen in ptcS2 NB during 
mitosis (A-A’) could be rescued by removing one copy of pros (B-B’). 
(C-C’’) In ptcS2 clone (marked by CD8:GFP), all the cells other than the NB were expressing 
Elav (blue). 
(D-D’’) The number of Dpn (red)-negative, Elav (blue)-negative GMCs (arrows) was reverted 
to wild-type level in homozygous ptcS2 clone when one copy of pros is removed. 
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4.2. The roles of protein phosphatases in modulating Hh signalling 
To investigate how ectopic Hh signalling results in the mislocalization of Mira and 
Pros, I looked at other components of the asymmetric division pathway which 
delocalized Mira into the cytoplasm of the NBs when mutated.  Among them were 
Pins, unconventional Myosin VI, Jaguar (Jar), Protein Phosphatase 4 (PP4), and 
Protein Phosphatase 2A (PP2A).  Interestingly, PP4 and PP2A have been reported to 
function as phosphatases for Smo and Ci respectively. PP4 dephosphorylates Smo, 
leading to its destabilization and hence dampening Hh signalling output.  On the other 
hand, PP2A acts as a positive regulator for Hh signalling by dephosphorylating Ci, 
thereby attenuating Ci processing into its repressor form. 
Like ptcS2, mutations in the subunits of PP4 complex had been reported to exhibit a 
NB under-proliferation phenotype with similar defects in the localization of Mira and 
Pros (Sousa-Nunes et al., 2009). The majority of mitotic NBs in flflN42/flfl795 (the 
regulatory subunit of PP4) transheterozygotes exhibited nuclear Pros during 
interphase [(Sousa-Nunes et al., 2009) and not shown] and lacked a well defined Mira 
crescent, but instead showed cytoplasmic accumulation of Mira during mitosis 
(Figure 4.4A, E). Like ptcS2 NBs, removal of one copy of pros in flflN42/flfl795 
transheterozygotes could partially restore Mira crescent to the cortex as the percentage 
of NBs with strong Mira crescent increased from 13.0% to 34.6% (Figure 4.4B, E).  
Given that Hh signalling is elevated in the flfl mutant, it is possible that excess Hh 
signalling is sufficient to cause Mira delocalization in this mutant.  To test this 
possibility, I inactivated Hh signalling by knocking down ci by RNAi in the flfl795 
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increased from 21.4% to 43.5%, suggesting that PP4 regulates NB division, in part, by 
dephosphorylating Smo and modulating Hh signalling to keep NBs in a proliferative 
state. 
In cas mutant clones, the NBs generate a larger pool of GMC-like cells and have 
delayed cell cycle exit, presumably due to the failure in Hh ligand expression.  Since 
compromising PP4 activity leads to elevated Hh signalling activity, it should be able 
to suppress the phenotypes of cas as should knockdown of ptc.  Indeed, the total 
GMC-like cells with cas24 clones were reverted to wt level (4.5 ± 1.2 cells per clone, 
n=21) when a catalytic subunit of PP4 complex, PP4-19C was knocked-down in a 
cas24 background (Figure 3.13G, Figure 4.4F).  In addition, the persistent proliferation 
phenotype associated with the cas mutant was also largely rescued by disrupting PP4 
activity, as the percentage of mitotic NBs in the pupal brain at 48 hours APF reduced 
from 53.7% (n = 41) to 20.7% (n = 29, Figure 3.13H).  Hence, PP4 is able to interact 
genetically with the temporal series via the Hh signalling pathway.  In other words, 
Hh signalling provides a functional link between the asymmetric division machinery 
and the temporal cascade in the control of NB proliferation.  However, Grh was not 
prematurely down-regulated in flfl795 hemizygote and its expression persisted at 96hr 
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Figure 4.4: Hh signalling acts as a functional link between the temporal cascade and 
the asymmetric division machinery.   
 (A-B) The excessive cytoplasmic Mira and weak Mira crescent seen in flfl795/flflN42 
transheterozygous NB (A) could be rescued by removing a copy of pros (B). 
(C-D’) A flfl795 NB showing weak Mira crescent and cytoplasmic Mira (C-C’). Such Mira 
localization defects could be rescued via the introduction of ciRNAi (D-D’). 
(E) Quantification of Mira localization phenotypes in various mutant backgrounds. A large 
proportion of the NBs in flfl transheterozygotes and homozygous clones exhibited Mira 
localization defect which can be partially rescued by removing a copy of pros or by 
expressing ciRNAi. 
(F-F’) Expression of PP4-19CRNAi could reduce the number of Dpn (red) negative and Elav 
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(G-H’) flfl795 NB and GMCs (clones were marked by GFP in green) did not down-regulate 
Grh (red) prematurely.  At both 72 hr ALH (G) and 96 hr ALH (H), the NBs and some GMCs 
showed Grh expression. 
 
Going by the model in which PP2A dephosphorylates Ci and increases Hh signalling 
strength, abolishing the activity of PP2A should predictably produce a phenotype that 
resembles Hh loss-of-function.  Mutant clones for the catalytic subunit of PP2A, 
Microtubule star (Mts) harboured more NBs at the expense of Elav-positive neurons 
(Figure 4.5A).  Despite not being morphological and cytologically identical to smo or 
hh mutant clones, mts clones may also reflect a case of increased proliferation.  Hence, 
to test whether Hh signalling can be regulated by PP2A, I disrupted PP2A function by 
introducing a dominant negative allele of mts in ptcS2 background.  Instead of 
suppressing the NB proliferative defect seen in ptcS2, the resultant phenotype was a 
mix between NB proliferative defect and ectopic NB formation (Figure 4.5B), 
suggesting that PP2A and Hh signalling were likely to have non-overlapping 
functions.  The clones remained small (18.5 ± 8.5 cells per clone, n = 17) even though 
some clones contained several Dpn positive cells.  Interestingly, Mira cortical 
localization during interphase, as well as basal crescent formation during mitosis was 
largely rescued in ptcS2; mtsDN double mutant NBs (Figure 4.5D).  Over-expression of 
a constitutive form of smo, smoΔ661-818 in mtsXE2258 mutant background exhibited a 
severe loss of GMCs phenotype comparable to ptcS2 (Figure 4.5C), implying that 
mutation in PP2A could somehow contribute to the strength of Hh signalling in a 
sensitized condition.  Similar to ptcS2; mtsDN double mutant clones, supernumerary 
NBs were observed occasionally, but this phenomenon was likely to be a consequence 
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Figure 4.5: Components of Hh signalling show slight genetic interaction with the 
catalytic subunit of PP2A. 
 (A-A’) A mtsXE2258 MARCM clone (GFP in green) which contained supernumerary Dpn-
positive (red) cells (arrows) apart from the NB. 
(B-B’) Over-expression of a dominant negative allele of mts in ptcS2 background did not 
rescue the under-proliferative phenotype of ptcS2, but led to the formation of an extra Dpn-
positive cell (arrow). 
(C-C’) Expression of smoΔ661-818 in mtsXE2258 mutant background resulted in a lost of Dpn-
positive (red), Elav-positive (blue) GMC. 
(D-D’) Over-expression of a dominant negative allele of mts in ptcS2 background reverted the 





Chapter 5: Discussion 
 
Through this work I have demonstrated that Hh signalling functions during post-
embryonic development and acts together with the NB temporal mechanism to 
regulate NB cell cycle exit. I further showed that hh is likely a direct downstream 
target of Cas, a member of temporal series which determines the time at which NBs 
terminate proliferation via down-regulation of Grh. While increased Hh signalling 
results in increased cell cycle length and premature NB cell cycle exit, loss of Hh 
signalling decreases NB cell cycle length and also prolongs the duration of NB 
proliferation. 
5.1. Hh acts at short range in the larval brain 
Hh family proteins can act as short- or long-range morphogens covering distances as 
few as 10 cell diameters (20 μm), or as far as a field containing many more cell 
diameters (200 μm) (Briscoe et al., 1999; Huangfu and Anderson, 2006). In the 
postembryonic brain, hh is expressed predominantly in the NBs and the newborn 
GMCs, whereas the expression of its target gene reporter, ptc-lacZ is observed in a 
narrow area covering the adjacent NB and the siblings GMCs, indicating a limited 
response to Hh and suggesting a limited spread of the Hh ligand. In addition, Hh 
protein is always found to be enriched and clustered around the NBs in a punctate 
form rather than a gradient. These data, together with the lineage autonomous 





range rather than as a morphogen in the larval brain. This is consistent with the 
structural arrangement of the larval brain, where each NB lineage comprising the NB 
itself, GMCs, and neurons, is encapsulated by a meshwork of glial processes which 
form a three-dimensional scaffold known as the trophospongium (Hartenstein et al., 
2008). Such a spatial arrangement may serve as a barrier to restrict the spread of the 
ligand and confine signalling events within a particular lineage so that an individual 
NB lineage can develop with considerable independence from its neighbouring 
lineages. Indeed, a NB clone derived from a hh null allele exhibits the GMC pool 
expansion phenotype even though GMCs from its neighbouring lineages are 
competent in producing the Hh ligand.  
While it is tempting to assume that Hh can also act on the GMCs in an autocrine 
mode of action judging from the presence of ptc-lacZ expression, I did not observe 
any noticeable GMC fate transformation or change in their proliferative capability in 
ptcS2 and smoIA3 clones. The higher mitotic rate in hh loss-of-function NBs could 
largely explain the amplification of the GMC pool and enlarged clone-size; however, I 
am unable to rule out a possible delay in GMC differentiation. 
5.2. High level of Hh signalling is necessary to trigger NB cell cycle exit 
It is known that differential level of Hh stimulation could trigger different target gene 
activation to specify differing cell fates (Johnson and Tabin, 1995).  The graded 
response of Hh signalling is a consequence of multiple levels of regulation which 
include the ratio between the activator and repressor forms of Ci, the phosphorylation 
status of Smo, Costal-2 (Cos2), and Fused, the sequestration of Ci by Suppressor of 





(Eaton, 2008; Khaliullina et al., 2009; Yavari et al., 2010).  In connection with that, 
the work done here demonstrates that NBs utilize different strengths of Hh signalling 
to achieve two distinct functions: (1) low level of Hh signalling during early phases of 
larval development imposes a restriction on NB proliferation such that the balance 
between linage expansion and neuronal differentiation is kept in check, and (2) high 
level of Hh signalling at the early pupal stage triggers cell cycle exit in the NBs.  
Consistently, it is found that only antimorphic alleles (ptcS2 and ptc13) but not the 
amorph allele of ptc (ptc16) could cause precocious cell cycle exit in the NBs.  In 
addition, over-expression of an activated form of Smo, SmoΔ661-818 that lacks its 
autoinhibitory domain  (Zhao et al., 2007), in ptc16 background causes ectopic Hh 
response and reduces NB proliferation. Together, this suggests that the lack of ptc 
receptor could unleash Smo signalling activity, but is inadequate to result in full-
fledged Smo activation and hence the transcription of a certain subset of target genes.  
One possible explanation for the lack of NB phenotype with ptc null allele is due to 
the fact that the residual amount of wt Ptc protein produced prior to the generation of 
MARCM clone may still be able to repress Smo activation to a certain extent.  On the 
other hand, the antimorphic nature of ptcS2 and ptc13 alleles would abolish the 
functions of the wt Ptc protein and result in high level of Hh signalling. 
Besides, the molecular lesions that are associated with ptcS2 and ptc13 alleles might 
explain the reason for them to have higher than normal activity of Hh in a 
homozygous mutant clone.  It has been reported that ptcS2 has a non-conservative 
substitution of aspartic acid with asparagines residue within its sterol-sensing domain 
(SSD) while ptc13 has a substitution of a conserved glutamic acid in the cytoplasmic 
C-terminal tail (Strutt et al., 2001).  Both the SSD and C-terminal tail of Ptc have 





lipid composition of the plasma and endosomal membranes (Khaliullina et al., 2009; 
Lu et al., 2006; Yavari et al., 2010). For instance, ptcS2 can recruit and internalize 
lipoprotein into the endosomes but it is unable to mobilize the sterol from the 
lipoprotein to destabilize Smo (either through degradation or recycling) that is 
trafficked through the same endosomal compartment.  Thus, Smo is stabilized and 
accumulates on the membrane (Khaliullina et al., 2009).  This could potentially 
provide an additional avenue for Hh signalling activation compared to the scenario in 
which Ptc is absent (i.e. using a ptc null allele). 
Lastly, unlike the other ptc alleles used in this study, both PtcS2 and Ptc13 bind and 
endocytose Hh, in spite of their inability to inhibit Smo (Strutt et al., 2001). Given 
that wt Ptc protein mediates sequestration and endocytosis of Hh in punctate 
structures within the cell during Hh signalling activation, it is possible that PtcS2 
which accumulates higher amount of Hh than wt Ptc protein, could trigger a higher 
level of signal activity in the presence of Hh ligand (Martin et al., 2001; Strutt et al., 
2001).  Interestingly, it has been reported that Hh-bound Ptc is not functionally 
equivalent to the absence of Ptc, as the ligand-bound Ptc could titrate the inhibitory 
action of unbound Ptc (Casali and Struhl, 2004).  So, it is likely that the ability of 
PtcS2 and Ptc13 to bind and colocalize with Hh could hypothetically confers them with 
additional capacity to enhance Smo activation. 
The requirement of high levels of Hh signalling to trigger NB cell cycle exit is further 
demonstrated by the phenotypic analysis of dlp20 mutant clones.  Dlp is a HSPG that 
is necessary in Hh-receiving cells for full strength Hh signalling by taking on the role 
of a co-receptor (Yan et al., 2010).  Although Dlp co-immunoprecipitates and 
colocalizes with Ptc and Hh within the endosomes, it does not stabilize Hh on the cell 





complex and stabilizing their interaction within the intracellular compartment, thereby 
eliciting a high level activation of the pathway, and perhaps longer signalling time 
(Gallet et al., 2008; Williams et al., 2010).  Ectopic expression of PtcS2 also results in 
the formation of intracellular puncta in which Ptc and Hh colocalize at a high level, 
suggesting that there is a link between Hh signalling strength and the time spent by 
the Hh-Ptc complex within endocytic vesicles (Martin et al., 2001).  Hence, it is not 
surprising that a mutation in dlp results in GMC pool expansion similar to hh loss of 
function. 
However, despite my attempts to induce high level of Hh signalling by over-
expressing free Hh ligand as well as membrane tethered Hh ligand (Hh-CD2-GFP) 
using various neuronal and glial drivers, the NBs appeared to proliferate normally 
without exhibiting premature cell cycle exit.  These results suggest that there are other 
levels of regulation in the signal receiving cells such that saturating the extracellular 
environment with Hh ligand is insufficient to produce the signalling activity required 
for cell cycle exit in young NBs.  Alternatively, it is possible that there is a temporally 
regulated post-translational modification of Hh ligand which allows it to trigger 
maximum signalling activity upon binding to its receptor.  It would also be interesting 
to find out whether there are other splice variants of hh that predominates in the larval 
central brain based on the observations that certain batches of anti-Hh antibodies 






5.3. Temporal regulation of Hh signalling 
Hh signal reception is detectable in NBs as early as in L2, persists throughout larval 
life and in early pupae when NBs undergo Pros-dependent cell cycle exit. This delay 
of approximately 96 hours between the start of Hh reception and the ultimate outcome 
of cell cycle exit may be due to a requirement for cumulative exposure of NBs to 
increasing local concentrations of Hh. Such a graded response will enable the wt 
postembryonic NBs to progress from high to low proliferative stages before ceasing 
division, in line with the development of the larva. Evidence supporting this notion 
includes increasing hh transcript expression with age, gradual accumulation of Hh on 
the NBs, lengthening of NB cell cycle time, as well as the necessity of high levels of 
Hh signalling to trigger cell cycle exit.   
The results presented here favour a model in which Hh promotes NB cell cycle exit in 
a quantitative instructive manner.  This model is supported by the studies from 
Drosophila wing imaginal disc, which found that the levels of Hh concentration 
determined the strength of its signal activation and thus the target gene expression 
pattern (Nahmad and Stathopoulos, 2009).  Therefore, it is conceivable that 
accumulation of Hh ligand on the NBs and within their endocytic compartment at late 
larval stage could account for a high level of Hh signalling activity that exceeded the 
threshold needed for NB cell cycle exit.  However one cannot ignore the possibility 
that Hh may have a permissive role for cell cycle exit because the NB proliferative 
phenotype elicited by the antimorphic ptc alleles may not be of physiological 
relevance.  Given such a role, Hh activity is necessary but insufficient to induce NB 
cell cycle exit as additional unidentified factors under the temporal control may be 





Interestingly, a recently proposed “cell cycle length hypothesis” postulates that cell 
cycle length, particularly the length of G1 phase in neural stem cells acts as a switch 
to trigger the transition from proliferative to neurogenesis mode (Salomoni and 
Calegari, 2010).  For instance, the cell cycle length of the cells in the mouse 
ventricular zone increased from 8 hours at the start of neurogensis (E11) to 18 hours 
at the end of it (E16), correlating with increased neurogenic output (Takahashi et al., 
1995).  In fact, experiments have shown that manipulation of cdk4/cyclinD1 
expression and cdk2/cyclinE activity that result in the lengthening of G1 is sufficient 
to induce precocious neurogenesis; while inhibition of physiological lengthening of 
G1 delays neurogenesis and promotes expansion of intermediate progenitors (Calegari 
and Huttner, 2003; Lange et al., 2009). In the somewhat different context of 
Drosophila neurogenesis, attenuating the functions of cell cycle regulators, Cdc2 and 
Cyclin E, leads to defects in asymmetric division characteristic of the neural 
progenitors (Berger et al., 2005; Tio et al., 2001). My results show that Drosophila 
postembryonic NBs exhibit a comparable trend with cell-cycle lengthening from 
young to old larval stages. Interestingly, NBs with excess Hh signalling have an 
extended cell cycle time, consistent with the idea that there is a forward shift of the 
“perceived” age, leading to premature cell cycle exit. In contrast, Hh loss-of-function 
NBs have a shorter cell cycle time compared to their wt counterparts of the same 
actual age; hence, they have a younger “perceived” age and are able to maintain their 
proliferative phase over a longer period of time. However, loss of Hh signalling in 
NBs merely extends their proliferative phase but is not sufficient to ensure perpetual 
proliferation as I failed to observe any mitotic NB in the adult brain. 
In Drosophila, the precise timing of NB cell cycle exit is governed by a highly 





factors: Hb  Kr  Pdm1  Cas, known as the temporal series (Brody and 
Odenwald, 2000; Chell and Brand, 2008; Isshiki et al., 2001). It is known that the 
temporal series impinge on Grh and Dichaete in the postembryonic NBs to regulate 
Pros localization or apoptotic gene activity, thus determining the time at which 
proliferation ends. In addition, the temporal series also regulate postembryonic 
Chinmo  Br-C neuronal switch which specify size and identity of the neurons 
(Maurange et al., 2008; Zhu et al., 2006). Here, the data show that Hh signalling does 
not regulate early to late neuronal transition as Chinmo and Br-C expression are 
unaffected in both ptc and smo mutant clones. In contrast, excess Hh signalling leads 
to a variety of features associated with NB cell cycle exit: (1) premature down-
regulation of Grh, (2) nuclear localization of Pros (in NBs) and, (3) reduction of NB 
size. Taken together with the extended proliferative duration of Hh loss-of-function 
NBs, it is apparent that Hh signalling is a potent effector of the temporal series and 
functions late to promote NB cell cycle exit. 
Consistent with the observation that excessive Hh signalling was correlated to the 
down-regulation of Grh, work performed by Cenci and Gould further confirmed that 
disruption of Grh activity could produce NB proliferative defects in the same manner 
as that seen with excessive Hh signalling (Cenci and Gould, 2005).  More specifically, 
grh370 hemizygotes and grhB37 homozygous clones displayed reduced proliferation in 
the thoracic NBs as judged by PH3 and BrdU labelings.  Interestingly, such a 
reduction in NB proliferation was also associated with an increase in the asymmetric 
cell cycle length (Cenci and Gould, 2005).  Therefore, the observed effects on Grh 






The expression of hh appears to be dependent on the pulse of Cas expression at the 
transition between L1 and L2, as induction of cas mutant clones after that stage does 
not affect hh expression. Moreover, ChIP assays suggest that Cas binds the hh 
genomic region, thereby placing Hh as a direct downstream target of the temporal 
series. However, it is intriguing to speculate on how the early pulse of Cas can 
mediate hh expression which only comes on later during larval development. One 
possible explanation involves a relay mechanism in which that pulse of Cas activates 
one or a cascade of unknown components which persist and eventually turns on the 
later hh expression. Yet, in such a model, Cas needs not interact directly with the hh 
locus as our ChIP assay clearly suggests. Moreover, there are at least two pulses of hh 
expression during larval brain development, and the earlier, shorter pulse which is 
required for the activation of quiescent NBs appear to be independent from Cas 
regulation as Cas is only switched on in the larval NBs upon reactivation (Hartenstein 
et al., 2008). Thus, our findings do not favour the continuous expression of a hh 
activator downstream of Cas. Alternatively, Cas may be involved in the epigenetic 
modifications of the hh locus such that it is primed for expression at a much later 
stage. Although such a function has not been reported for Cas, previous studies have 
postulated that components of the temporal series, such as Hb (or mammalian 
homolog Ikaros), and Svp (or mammalian homolog COUP-TFI/II) play a role in 
modulating chromatin structure, hence modifying the competency of downstream 
gene expression subsequently (Grosskortenhaus et al., 2005; Naka et al., 2008; 
Pearson and Doe, 2003).  Incidentally, Cas contains AT-hook binding motif that 
predictably enables it to bind to the minor groove of stretches of AT-rich sequence 
and modify the architecture of the chromatin (Aravind and Landsman, 1998; Reeves 





which they found that over-expression and loss of Cas similarly affected Chinmo  
Br-C transition in the neurons (Maurange et al., 2008).  This is an indication that Cas 
does not act as a steadfast controller of gene expression or a conventional 
transcription factor, but rather to fine tune the expression of target genes through 
chromatin formation. 
Consistent with this model, binding of Cas to hh regulatory sites are functionally 
ineffective to induce hh expression in S2 cells.  This observation reinforces the notion 
that Cas acts in cooperation with other transcriptional regulators and factors to drive 
hh gene expression.  These factors could be tissue specific or temporally regulated, 
and are unavailable in S2 cells used in the bioluminescence assay. 
Suffice to say, more work need to be done to confirm the 6kb fragment at the 5’ UTR 
of hh gene as the functional cis-control element as well as the putative Cas binding 
sites.  As a start, this could be investigated by assaying for Cas binding activity (and 
hh expression level) when those Cas consensus binding sites are mutated. 
5.4. Downstream targets of Hh 
Hh signalling has been most thoroughly studied in the Drosophila wing imaginal disc.  
To date, Ci is the only known core transcription factor of the Hh signal transduction 
pathway and it is stabilized upon Hh binding to Ptc receptor (Alexandre et al., 1996; 
Aza-Blanc et al., 1997; Forbes et al., 1993).  However, the ultimate target gene 
expression in response to Hh activity depends on the balance between two forms of Ci, 
a transcriptional activator and a transcriptional repressor, which bind to and regulate 





Ci are relatively scarce and that include dpp, ptc, rdx, ato, wg, en etc (Alexandre et al., 
1996; Bossing and Brand, 2006; Dominguez et al., 1996; Kent et al., 2006; Von 
Ohlen and Hooper, 1997).  It remains unclear how Hh could reduce NB proliferation 
and induce cell cycle exit.  The data presented here show that Dpn expression is 
down-regulated in ptcS2 NBs.  So it is conceivable that dpn is a negative target of Hh 
signalling and down-regulation of dpn is necessary to reduce NB proliferation and to 
tilt the balance towards cell cycle exit or differentiation.  However, a recent report 
found that loss of function clones of dpn did not cause up-regulation and nuclear 
internalization of Pros, nor did it result in smaller clone size (San Juan and Baonza, 
2011).  Hence Dpn may not be directly involved in conveying the Hh signal. 
Another possible target of Hh signalling is Grh, as its expression is down-regulated 
prematurely in ptcS2 NBs, and persists for a prolonged period in smoIA3 NBs.  
Interestingly, DamID technique found that Ci binds to genomic regions which 
correspond to grh (Biehs et al., 2010), providing a clue that grh might be a direct 
target of Ci, and a negative target of Hh signalling.  While it is unknown how Hh 
signalling pathway activation could result in the repression of target genes, it has been 
documented that at least two mammalian genes, Gas1 and Mid1, are negative targets 
of the Shh signalling pathway (Allen et al., 2007; Granata and Quaderi, 2003).  It 
would be interesting to conduct further experiments to test if the expression of grh is 
directly regulated by Ci and hence Hh signalling.  However, it remains a speculation 
as far as this thesis is concerned.  In addition, Mira has also been found as a target for 
Ci in the same DamID assay (Biehs et al., 2010), but the data here suggest that Mira 
mislocalization phenotype seen in hh gain-of-function mutants is more likely a 
secondary defect due to Pros mislocalization, instead of a consequence of 





5.5. Hh signalling provides a link between NB asymmetry and the temporal 
series  
The precise generation of diverse cell types with distinct function from a single 
progenitor is important for the formation of a functional nervous system during 
animal development. It has been shown that, in Drosophila, the developmental timing 
mechanism (the temporal series) is tightly coupled with the asymmetric machinery 
(Maurange et al., 2008). However, the underlying mechanism of this coordination 
remains elusive. The data suggest that on the one hand, Hh signalling is under the 
control of the temporal series (hh expression is directly regulated by Cas), while on 
the other hand, Hh signalling participates in asymmetric segregation of Mira/Pros 
during NB division. Introduction of ectopic/premature Hh signalling (in Ptc mutant 
clones) during developmental stages in which NBs are proliferating results in 
cytoplasmic localization of Mira/Pros during mitosis, reduction of NB size and slow-
down of NB cell cycle progression, reminiscent of the final division of NBs in early 
pupa just before cessation of proliferation. Consequently, these NBs exit the cell cycle 
prematurely. In contrast, loss of Hh signalling (e.g., in Smo mutant clones) maintains 
NBs in their “younger” proliferating stage far beyond the time when they normally 
exit the cell cycle. Thus, Hh signalling couples the developmental timing mechanism 
(the temporal series) with the NB intrinsic asymmetric machinery for the generation 
of a functional nervous system. 
Another link between Hh signalling and NB asymmetric division is provided by the 
protein phosphatases, PP2A and PP4.  PP2A is known to be a phosphatase for Ci 
while PP4 is a phosphatase for Smo.  In the context of Hh signalling, PP2A and PP4 





ectopic target gene activation owing to reduced proteolysis of Ci155.  On the other 
hand, dephosphorylation of Smo destabilizes it at the plasma membrane and leads to 
down-regulation of Hh signalling.  As such, disruption of PP2A is expected to cause 
reduced Hh signalling activity due to aberrant processing of Ci to its repressor form, 
Ci-75, while disruption of PP4 function should lead to ectopic activation of Hh 
signalling as Smo is stabilized by phosphorylation.  Genetic interaction between PP4 
and Ci proved that Mira delocalization and NB proliferative defect is partly due to 
non-physiological up-regulation of Hh signalling in PP4 mutant background, as such 
phenotype could be partially reverted by attenuating Hh signalling.  Furthermore, PP4 
knockdown could also suppress the proliferative phenotype due to a perturbation of 
the temporal series progression in cas mutant clones.  As a mutation in the PP4 
subunit does not cause premature down-regulation of Grh, PP4 probably plays a role 
in fine-tuning Hh signalling output rather than acting as an obligatory switch for the 
Hh signalling pathway. 
On the other hand, disrupting PP2A function does not rescue Hh gain-of-function 
phenotype.  However, having a mutation in PP2A catalytic subunit (mtsXE2258) could 
enhance the phenotype of over-expressing a constitutively activated form of Smo 
(smoΔ661-818).  It is worthwhile to note that majority of mtsXE225 ;smoΔ661-8188 clones still 
contain multiple small dpn positive cells, a phenotype which is associated with a 
defect in PP2A.  As with PP4, PP2A is also likely to play a fine-tuning role in 
regulating Hh signalling output apart from other Hh independent roles that are 
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